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Abstract
Quartz is a common mineral in many igneous, metamorphic, and sedimentary rocks
because it is stable over a wide range of pressure (P) and temperature (T) conditions; therefore,
quartz is an excellent mineral to target for thermobarometric uses. Thermobarometry is the
quantitative determination of the pressure (baro-) and temperature (thermo-) conditions at which
a natural rock sample reached chemical equilibrium. This dissertation contains three chapters
describing mineral synthesis experiments that quantify and define the trace-element solubility
behavior of titanium (Ti) in the silica minerals quartz and coesite, to advance the understanding
and application of trace-element thermobarometry.
Chapter 1 details the experiments that were conducted to quantify the pressure and
temperature effects of Ti-in-coesite (TitaniC) solubility to develop the first Ti-in-coesite
thermobarometer. The Ti-in-coesite thermobarometer was applied to coesite samples from two
UHP (ultra high-pressure) metamorphic locales, the western Alps, Italy, (Dora-Maira) and Papua
New Guinea; the estimates for each respective sample were in excellent agreement with
previously reported P–T conditions. Chapter 2 involves experiments which Ti solubility in
quartz was investigated at previously unexplored conditions, focused on extending and
improving the Ti-in-quartz (TitaniQ) solubility model (Thomas et al. 2010). Additional data
enabled characterization of Ti-in-quartz solubility across much of the α- and β-quartz stability
fields and demonstrated that Ti concentrations in β-quartz decrease linearly with increasing
pressure, while Ti-in-quartz concentrations in α-quartz decrease nonlinearly with increasing
pressure at the conditions studied. New thermobarometric model equations for Ti solubility in αquartz, β-quartz, and α–β quartz combined were developed; remarkable agreement between
calculated and measured experimental P−T conditions using the Zr-in-rutile and Ti-in-quartz

solubility models demonstrated that the solubility models accurately describe the equilibrium
solubility of titanium in quartz. Chapter 3 describes experiments that synthesized quartz in the
presence of titanite at sub-unity titania activity (𝑎 𝑇𝑖𝑂2 ) conditions. Ti-in-quartz concentrations
and known experiment P–T conditions were entered into the TitaniQ solubility models to
estimate 𝑎 𝑇𝑖𝑂2 values for the experimental system. The estimated 𝑎 𝑇𝑖𝑂2 values were in excellent
agreement with those calculated by using the mineral reactions and thermodynamic parameters
from internally consistent datasets (Berman 1988; Holland and Powell 2011); this provides
another source of validation of the Ti-in-quartz solubility models (Thomas et al. 2010; Osborne
et al. 2021).
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Chapter 1
An experimentally calibrated thermobarometric solubility model for titanium in coesite
(TitaniC)
Published as:
Osborne, Z.R., Thomas, J.B., Nachlas, W.O., Baldwin, S.L., Holycross, M.E., Spear, F.S., and
Watson, E.B., (2019), An experimentally calibrated thermobarometric solubility model for
titanium in coesite (TitaniC): Contributions to Mineralogy and Petrology, v. 174, p. 1–13,
https://doi.org/10.1007/s00410-019-1575-5
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Abstract
Experiments were conducted to quantify the temperature and pressure effects on the
solubility of titanium in coesite. Powdered amorphous silica, titania (anatase), zirconia, and
water were added to silver capsules and run in the coesite stability field (at 32, 35, and 40 kbar)
from 700 to 1050°C using a piston-cylinder apparatus. Crystallization of coesite, rutile, and
zircon from silica-, titania-, and zircon-saturated aqueous fluids was confirmed by Raman
spectroscopy. Cathodoluminescence images and electron microprobe measurements showed that
coesite crystals are relatively homogenous. The Ti concentrations of coesite crystals are
significantly higher than concentrations predicted using the Ti-in-quartz calibration (Wark and
Watson 2006; Thomas et al. 2010). Titanium K-edge X-ray absorption near edge structure
(XANES) measurements demonstrate that Ti4+ substitutes for Si4+ on four-fold tetrahedral sites
in coesite at all conditions studied. A model was calibrated to describe the effects of pressure and
temperature on the solubility of titanium in coesite by using a least-squares method to fit Ti
concentrations in coesite to the simple expression
𝑐𝑜𝑒𝑠𝑖𝑡𝑒
𝑅𝑇 𝑙𝑛𝑋𝑇𝑖𝑂
= −55.068 + 0.00195 ∙ 𝑇(𝐾) − 1.234 ∙ 𝑃(𝑘𝑏𝑎𝑟) + 𝑅𝑇 𝑙𝑛𝑎𝑟𝑢𝑡𝑖𝑙𝑒
𝑇𝑖𝑂2
2

where R is the gas constant 8.314510-3 kJ/K, P is pressure in kbar, T is temperature in Kelvin,
𝑐𝑜𝑒𝑠𝑖𝑡𝑒
𝑋𝑇𝑖𝑂
is the mole fraction of TiO2 in coesite, and 𝑎𝑟𝑢𝑡𝑖𝑙𝑒
𝑇𝑖𝑂2 is the activity of TiO2 in the system
2

referenced to rutile. Ti-in-coesite solubility can be used as a thermobarometer for natural samples
when used in combination with another indicator of temperature or pressure, such as another
thermobarometer in a cogenetic mineral (e.g. rutile) or other phase equilibria (e.g. graphite =
diamond). Applications of the Ti-in-coesite thermobarometer to samples from the western Alps
and Papua New Guinea are presented.

2

1 Introduction
Loring Coes Jr. first reported on his synthesis of a previously unknown crystalline silica
in the early 1950’s, additionally noting that it was possible the natural existence of this higherpressure polymorph of quartz had been overlooked (Coes 1953). Subsequent discovery of this
dense silica in nature (Chao et al. 1960) at Barringer Crater was the necessary catalyst for the
acceptance of coesite as a verified mineral (Hazen 1999). The potential usage of coesite as an
index mineral for metamorphic petrology and tectonics was not realized for several more
decades. Discovery of coesite in the western Alps of Italy (Chopin 1984) and in the Western
Gneiss Region of Norway (Smith 1984) presented direct evidence that continental crust could be
transported to depths greater than 100 km then exhumed as the result of tectonic processes; these
processes are included under the umbrella of ultrahigh-pressure (UHP) metamorphism (i.e.
pressures greater than ~25 kbar). Until our study, coesite could be used only to indicate
metamorphism at ultrahigh pressures; it has not been possible to quantify an exact pressure and
temperature of natural coesite formation.
Previous studies have experimentally quantified the pressure-temperature dependencies
of Ti solubility in quartz (Wark and Watson 2006; Ostapenko et al. 2007; Thomas et al. 2010,
2015). Several studies involved mineral synthesis experiments where Ti was incorporated into
quartz during co-crystallization of quartz and rutile (TiO2). The synthesis experiments of Thomas
et al. (2010) established and later confirmed (Thomas et al. 2015) that Ti-in-quartz solubility is
strongly dependent upon temperature and pressure. The Ti-in-quartz solubility data were fit to a
simple thermodynamic expression or ‘calibration’ for subsequent application as a
thermobarometer to natural samples. However, the Thomas et al. (2010) Ti-in-quartz
thermobarometer cannot be accurately applied to silica minerals formed at pressures outside the
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quartz stability field. We conducted experiments in the coesite stability field over temperatures
from 700 to 1050°C and pressures of 32, 35, and 40 kbar. The concentration of Ti incorporated
into coesite was controlled by co-crystallizing coesite, rutile, and zircon from hydrothermal
fluids in the SiO2-TiO2-ZrO2 system. Raman spectroscopy was used to identify synthesized
minerals. Titanium K-edge X-ray absorption near-edge structure measurements confirm that Ti4+
substituted for Si4+ on four-fold tetrahedral sites in the coesite lattice at all pressures. We present
a titanium-in-coesite solubility model that can be used as a thermobarometer for natural samples
when used in combination with another indicator of temperature or pressure, such as another
thermobarometer in a cogenetic mineral (e.g. rutile) or other phase equilibria (e.g. graphite =
diamond).
2 Methods
2.1 Experiments
Experiments were conducted using an end-loaded piston-cylinder apparatus designed
after Boyd and England (1960a). A half inch diameter piston-cylinder assembly with crushable
materials (MgO-Pyrex-NaCl: Watson et al. 2002; Thomas et al. 2010, 2015) was used in all
experiments (Fig. 1). Silver capsules with ~1 mm thick walls (~20 mm3 in volume) contained the
powdered Alfa Aesar starting materials of SiO2 (~10 mg, amorphous), TiO2 (~3 mg, anatase),
and ZrO2 (~5 mg), and H2O (deionized). The amounts of powdered starting materials were
relatively consistent for each experiment; the amount of water added to the capsule varied
depending on the intended P–T conditions, with less added at higher pressures and temperatures.
Experimental capsules were sealed in piston-cylinder vessels during pressurization at room
temperature. Hydraulic oil pressures were measured with Enerpac Bourdon-tube gauges with 18
cm-diameter dials. Experiments were run at pressures of 30, 32, 35 and 40 kbar, and
4

temperatures from 700 to 1050°C (Fig. 2) spanning all potential quartz-coesite phase boundaries.
Temperature was controlled to ± 1°C using type-D thermocouples (W97Re3-W75Re25) and
Eurotherm Nanodac PID controllers; thermocouple accuracy reported from the vendor (Concept
Alloys) is ± 0.5°C. Small pressure adjustments were typically needed during heating to the final
run temperature, after which pressure usually remained relatively consistent for experimental
duration. Small increases were made to maintain pressure if necessary; oil pressure was usually
adjusted if it dropped ~200 psi beneath the target pressure, which is the smallest graduation on
our pressure gauges (200 psi oil pressure equals 0.5 kbar experimental pressure). No ‘friction
corrections’ were applied to the calculated experimental pressures because reported pressures are
interpreted as accurate to within approximately ±120 bars (Spear et al. 2014; Thomas and Spear
2018). Six tungsten carbide cores in our piston-cylinder pressure vessels were destroyed to
conduct the experiments, representing the most expensive and time-consuming aspect of this
project. Experiments were terminated after ~2 to 5 days by shutting off the power to the graphite
furnace (Fig. 1), which quenched the experiment to below 100°C in less than 30 seconds. The
capsules were opened with two pairs of pliers by wrenching off the capsule lid. Experimental run
products were washed out of capsules with alcohol or water. Coesite crystals were hand-picked
(selected for size and lack of visible inclusions), mounted in epoxy, and polished in preparation
for subsequent analyses.
2.2 Electron probe microanalysis (EPMA) and cathodoluminescence (CL) imaging
The Cameca SXFive electron microprobe at Syracuse University and the Cameca SX100
electron microprobe at Rensselaer Polytechnic Institute were used for trace element
measurements of titanium in coesite. Both instruments have cathodoluminescence imaging
capabilities that were used to document Ti distribution in silica minerals; CL imaging was
5

performed using 10 to 20 nA beam currents. All other imaging and quantitative measurements
were performed with 15 kV accelerating voltage. Qualitative identification of rutile and zircon
inclusions was performed using the Bruker Quantax EDS attached to the SXFive electron
microprobe. For quantitative measurements, the five wavelength dispersive spectrometers were
tuned, and elements were standardized using silicate and oxide mineral standards (Astimex
MINM25-53 quartz and rutile, http://astimex.com/com/catalog/min.html) by adjusting the beam
current to attain ~12,000 counts per second for analyte X-rays on gas-flow proportional counters.
Trace element measurements of Ti in coesite were performed using a 200 nA beam current and a
‘focused’ beam (< 1 μm diameter). Titanium Kα X-rays were diffracted with large PET
diffraction crystals (22 x 60 mm) and simultaneously counted on four spectrometers (200
seconds on peak, 100 seconds on low and high backgrounds), which yielded an average
theoretical detection limit of 5 ppm (by weight) for individual measurements. Silicon Kβ X-rays
were counted to confirm analyzed materials were silica. To avoid secondary fluorescence effects,
care was taken to avoid Ti measurements within ~50 μm of rutile crystals. The accuracy of
EPMA measurements was evaluated by analyzing quartz reference materials including synthetic
quartz reference materials from (Thomas et al. 2010) containing several different titanium
concentrations measured independently and/or by analyzing Herkimer quartz as a Ti-in-quartz
blank. One experiment (TiiC-38) was additionally analyzed by Secondary Ionization Mass
Spectrometry (SIMS) at Woods Hole Oceanographic Institution. Data from both methods are
given in Table 1. Our EPMA routine produced an average Ti concentration of 10 ppm, less than
1 ppm difference from SIMS analyses average Ti concentration of 9.8 ppm. This agreement in
measured Ti concentration between analysis methods lends confidence to the validity of our
trace element EPMA measurements.
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2.3 Raman spectroscopy
Raman spectra of coesite, quartz, rutile, and zircon were measured with a Renishaw inVia
Raman microprobe in the Department of Chemistry at Syracuse University. Incident 532 nm
laser light was focused onto crystals using a 100X objective (N.A. = 0.9). Spectra were acquired
for 20-30 seconds. Raman shifted light was backscattered (180° geometry) and statically
dispersed with 1800 groove/mm gratings onto a charged-couple device. The Renishaw
spectrometer has ~0.5 cm−1 spectral resolution (dependent on wavelength of shifted light) and
precision of standard measurements is typically < 0.1 cm−1. The spectrometer was calibrated
against numerous Ne lines, and spectral accuracy and linearity were checked throughout each
analytical session by measuring the Rayleigh scattered laser light and the 520.5 cm−1 band of a
silicon standard.
2.4 X-ray absorption spectroscopy
Titanium K-edge X-ray absorption near-edge structure (XANES) spectra were measured
on beamline 13-ID-E at the Advanced Photon Source (APS) at the U.S. Department of Energy’s
Argonne National Laboratory to characterize the coordination environment of titanium ions in
experimental coesite crystals. With the goal of maximizing count rate, we measured coesite
crystals from several of the higher temperature experiments from each isobar (i.e. higher Ti
concentration). The edge position for Ti Kα was measured on Ti foil at ~4964.5 eV; this is about
1.5 eV lower than the previously accepted and widely used value of 4966 eV. The Athena
software program (Ravel and Newville 2005) was used to process and normalize all XANES
data. Normalization of XANES spectra permits direct comparison of spectral features of
different specimens, independent of Ti concentration and instrumentation settings. The energy of
the absorption edge (E0) was designated by choosing the maximum peak of the first derivative of
7

the spectrum in the edge region (~4980 ± 10 eV). The pre-edge and post-edge energy regions
were selected to attain a linear fit to each energy region.
3 Results and Discussion
All experiments were conducted in the SiO2-TiO2-ZrSiO4 field of the TiO2-ZrO2-SiO2
system (see Fig. 1 of Thomas et al. 2010) with a stable equilibrium mineral assemblage
composed of a silica polymorph, rutile, and zircon, which buffered SiO2, TiO2, and ZrSiO4
activities at their maximum possible values. Experimental conditions listed in Table 2 are shown
on Figure 2 relative to the coesite-quartz phase boundary. Abundant milky-white aqueous fluid
was present upon opening experimental capsules; experiments run at higher P–T conditions with
less initial water remained visibly wet and exhibited typical crystal growth. Hundreds of coesite,
rutile, and zircon crystals grew in each experiment. Coesite crystals ranged in size from ~10 μm
to ~1 mm; larger crystals generally formed in the higher temperature experiments. Crystals have
anhedral to euhedral shapes; many crystals clearly display the monoclinic symmetry of coesite
(Fig. 3a). Rutile and zircon crystals are typically less than 30 µm, are anhedral to euhedral, and
commonly occur as inclusions in coesite (Fig. 3b) demonstrating co-crystallization of the three
minerals; the rutile had a characteristic honey-brown color and zircons were colorless.
Cathodoluminescence was used to image coesite crystals prior to quantitative Ti-incoesite EPMA measurements. Average Ti concentrations in coesite range from ~6 ppm to ~182
ppm (Table 2; Fig. 5). Coesite crystals from each experiment had uniform CL brightness as well
as consistent Ti concentrations (Fig. 3c) within single crystals and amongst individual coesite
crystals regardless of size and shape.
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3.1 Raman spectroscopy and the coesite-quartz phase boundary
There is notable variation among previously reported locations of the coesite-quartz
phase boundary in P–T space (Mao et al. 2001). At 1000°C, for example, selected previous
studies locate the phase transition at pressures ranging from ~29 to ~31 kbar (Fig. 2). The silica
mineral crystallized in our experiments was unambiguously identified as either coesite or quartz
using Raman spectroscopy (Fig. 4), defining P–T points on either side of the quartz-coesite phase
boundary. We did not explicitly explore a sufficient temperature range to determine the exact
position of the coesite-quartz phase boundary in P–T space; however, we offer an approximate
phase boundary and have compared our results to previous studies (Fig. 2). A linear fit to the
midpoint between the 775°C (coesite) and 800°C (quartz) experiments at 30 kbar and the
midpoint between the 1025°C (coesite) and 1050°C (quartz) experiments at 32 kbar gives an
approximate phase boundary [𝑃 (𝑘𝑏𝑎𝑟) = 0.0080 ∙ 𝑇(𝐾) + 23.7] with a slope and position in close
agreement with several other reported quartz-coesite phase boundaries (Boyd and England
1960b; Kitahara and Kennedy 1964; Mirwald and Massonne 1980; Bose and Ganguly 1995).
3.2 Thermodynamic analysis of Ti-in-quartz solubility
When coesite co-crystallizes with rutile, Ti solubility in coesite is governed by the
equilibrium
𝑃,𝑇

𝑇𝑖𝑂2𝑐𝑜𝑒𝑠𝑖𝑡𝑒 ↔ 𝑇𝑖𝑂2𝑟𝑢𝑡𝑖𝑙𝑒

(1)

In which the Ti concentration in coesite varies with P and T.
At equilibrium,
𝑐𝑜𝑒𝑠𝑖𝑡𝑒
̅ ° − 𝑇∆𝑆̅° + 𝑃∆𝑉̅ ° + 𝑅𝑇 𝑙𝑛𝑋𝑇𝑖𝑂
∆𝐺̅ ° = ∆𝐻
− 𝑅𝑇 𝑙𝑛𝑎 𝑇𝑖𝑂2 = 0
2
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(2)

in which 𝑎 𝑇𝑖𝑂2 is the activity of TiO2 in the system. The TiO2 endmember in equation (1) is
fictive TiO2 in the coesite structure having regular solution properties at low concentrations into
the Henry’s Law limit. Because rutile was present in each experiment, the last term is zero.
Equation (2) can be rearranged to
𝑐𝑜𝑒𝑠𝑖𝑡𝑒
𝑙𝑛𝑋𝑇𝑖𝑂
=
2

̅ °+𝑇∆𝑆̅°−𝑃∆𝑉
̅°+𝑅𝑇 𝑙𝑛𝑎𝑇𝑖𝑂
−∆𝐻
2

(3)

𝑅𝑇

and can be fit to the P–T dependent concentrations of Ti in coesite shown in Figure 5. The
𝑐𝑜𝑒𝑠𝑖𝑡𝑒
̅ °, and ∆𝑆̅° controls isopleth slopes in
temperature dependence of 𝑙𝑛𝑋𝑇𝑖𝑂
is a function of ∆𝐻
2

P–T space. The experimental data can be simultaneously fit to equation (3) using a least-squares
approach to characterize the enthalpy, entropy, and volumetric terms related to substituting the
significantly different sized Ti4+ ion for Si4+.
In the equilibrium defined by equation (1), substitution of Ti4+ for Si4+ is implicit but the
crystallographic site in which Ti resides in the coesite structure and the valence state of Ti ions
are not specified. It is conceivable that Ti4+ ions reside exclusively on tetrahedral sites, but other
more complicated incorporation mechanisms are possible. Titanium incorporation could involve
a vacancy mechanism with Ti ions dissolved into interstitial sites, Ti ions may occur as Ti3+
requiring coupled substitution of a monovalent ion (e.g. H+), or other more complicated
incorporation mechanisms may occur. Each solubility mechanism would require a unique set of
thermodynamic variables to describe the P–T dependency of Ti-in-coesite solubility, so there is
clear need to obtain information on Ti siting and valence; Ti K-edge XANES measurements can
provide this information.
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3.3 X-ray absorption near-edge structure measurements to probe the Ti coordination
environment
Ti K-edge XANES measurements of experimentally-grown coesite crystals were used to
directly probe the local geometry of the Ti-O polyhedra and provide information on the valence
state of Ti ions in coesite. Variations in Ti-O polyhedral geometries can produce up to nine
resolvable absorption features in the 4960 to 5020 eV region. The Ti pre-K-edge absorption in
the ~4965 to ~4970 eV region is the most diagnostic because it undergoes the largest changes in
position and normalized height as a function of Ti coordination environment and valence state
(Fig. 6a) (Waychunas 1987; Farges et al. 1996a, b, 1997; Farges 1997; Berry et al. 2007; Thomas
et al. 2010; Tailby et al. 2011). The pre-edge peak intensity significantly decreases and its
position shifts to higher energies with increasing Ti coordination from four to five to six nearest
oxygen neighbors (Fig. 6b). XANES spectra of experimentally grown coesite crystals were
compared to high-Ti quartz from Thomas et al. (2010), a rutile reference material, and previously
characterized materials that contain Ti in four-, five- and six-fold coordination (Fig. 6b). Coesite
+

XANES spectra were also compared to corundum structure α-𝑇𝑖23 𝑂3 to evaluate the possibility
that Ti3+ was incorporated into the coesite structure (Fig. 6a).
Titanium K-edge XANES spectral features of our experimental coesite crystals are
similar to those of a quartz reference material with 100 ppm Ti (Fig. 6a) that contains Ti4+ in
four-fold coordination (Thomas et al. 2010). XANES spectral features of the coesite are distinct
from the rutile, which has Ti4+ in six-fold coordination, and are also distinct from Ti3+-containing
α-Ti2O3 reference materials. Numerous studies provide details on orbital transitions responsible
for each of the XANES spectral features observed in the Ti-K-edge region (Bair and Goddard
1980; Waychunas 1987; Farges et al. 1996a, b, 1997; Farges 1997; Berry et al. 2007; Thomas et
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al. 2010; Tailby et al. 2011; Ackerson et al. 2017; Sutton et al. 2017; Leitzke et al. 2018) so only
a brief description is provided here. The octahedral bonding arrangement of Ti4+ in the rutile
structure is responsible for the seven spectral features in Ti K-edge XANES spectra of rutile
(Fig. 6a). In general, the pre-edge features with energies less than ~4975 eV are attributed to
transitions from Ti 1s energy levels to bound Ti 3d orbitals. There are several explanations for
the three pre-edge spectral features of rutile, but all involve p orbitals of the Ti absorber site
mixing with d orbitals of neighboring Ti ions.
Like previous studies of materials with Ti4+ in four-fold coordination, Ti K-edge XANES
spectra of the synthesized coesite crystals have several spectral features that are substantially
different from those observed in spectra of rutile (Farges et al. 1996a, b, 1997; Farges 1997;
Thomas et al. 2010; Tailby et al. 2011). Compared to rutile, there are subtle differences in the
position of the first shoulder and unassigned features that occur on the coesite edge. The most
obvious difference between XANES spectra of coesite and rutile occur in the pre-edge region
near ~4970 eV (Fig. 6a). Coesite crystals have a pre-edge feature composed of a single peak that
has a higher intensity and is shifted to lower energies compared to the multiple pre-edge features
observed in rutile spectra. The higher intensity of the pre-edge features observed in spectra of
compounds with four-fold Ti4+ is correlated to the degree of d-p orbital mixing and associated Ti
absorber site distortion (Waychunas 1987).
The position of the pre-edge feature of our synthesized coesite crystals is located at a
lower energy than the pre-edge feature of rutile (Fig. 6a, b). Coesite crystals have pre-edge peak
positions at ~4968.25 eV and the pre-edge feature of our rutile is at 4969.75 eV, energies that
agree with previous studies of materials with Ti4+ in four-, five-, and six-fold coordination,
respectively (Fig. 6b). The normalized pre-edge peak intensities of Ti-bearing coesite crystals are
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considerably higher than the pre-edge feature intensities of rutile, which has Ti4+ coordinated by
six oxygens (Fig. 6a, b). The normalized pre-edge intensities of our coesite crystals (Fig. 6b,
multiple blue diamonds in [IV] Ti4+ box) range from 0.77 to 0.91 (an average of 0.83), which is
comparable to the pre-edge intensities previously measured in materials that contain Ti in fourfold coordination (Farges et al. 1996a, b, 1997; Farges 1997; Thomas et al. 2010; Tailby et al.
2011). The pre-edge intensity feature of rutile measured here is ~0.39 (Fig. 6b, single blue
diamond in [VI] Ti4+ box), which is similar to intensities measured for rutile and other materials
in which Ti is in six-fold coordination.
The electronic properties and ionic radii of Ti must strongly influence the solubility of
titanium in minerals (Thomas 2016). Titanium generally occurs as Ti4+ in minerals and melts, but
Ti3+ is possible in highly reduced systems such as lunar rocks and some meteorites; it is
exceptionally rare in terrestrial systems (Anderson et al. 1970; Papike 2005; Borisov 2012;
Sutton et al. 2017). It is unlikely that Ti3+ was stabilized in our experimental system because the
intrinsic oxygen fugacity in our piston-cylinder pressure cells is close to the FeO-Fe3O4 oxygen
buffer, but it is conceivable that crystal-chemical controls could stabilize Ti3+ independent of
oxygen fugacity (Doyle et al. 2014). XANES was used to probe for potential Ti3+ incorporated
into synthesized coesite. Titanium K-edge XANES spectra of Ti3+-containing α-Ti2O3 are clearly
different from those of materials containing Ti4+ (Waychunas 1987). The nondescript pre-edge
and main edge regions in spectra of α-𝑇𝑖23+ 𝑂3 are characterized by smooth, broad, and poorly
resolved features that are shifted by ~1-2 eV to lower energies than the spectral features of the
coesite and rutile crystals (Fig. 6a). XANES spectra of coesite crystals show no evidence for the
presence of any Ti3+. In all cases XANES spectra indicate that Ti ions are incorporated as Ti4+
onto the tetrahedral sites substituting directly for Si4+ in the coesite structure (Fig. 6b).
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3.4 The effect of pressure and temperature on titanium solubility in coesite: calibration of a Tiin-coesite solubility model for thermobarometry
XANES measurements confirm that Ti4+substitutes for Si4+ on the tetrahedral site in
coesite. For this reason, the Ti-in-coesite P and T dependencies can be fit to a solubility model
that describes Ti-in-coesite solubility at any P and T within the coesite stability field. A model
with the form of equation (3) was fit to the data from all experiments using a least-squares
method (Fig. 5) to the polybaric expression
𝑐𝑜𝑒𝑠𝑖𝑡𝑒
𝑅𝑇 𝑙𝑛𝑋𝑇𝑖𝑂
= −𝑎 + 𝑏 ∙ 𝑇(𝐾) − 𝑐 ∙ 𝑃(𝑘𝑏𝑎𝑟) + 𝑅𝑇 𝑙𝑛𝑎𝑟𝑢𝑡𝑖𝑙𝑒
𝑇𝑖𝑂2
2

(4)

in which the fit parameters a, b and c are:
a = 55.068 ± 4.686
b = 0.00195 ± 0.0032

(5)

c = 1.234 ± 0.113
and 𝑎𝑟𝑢𝑡𝑖𝑙𝑒
𝑇𝑖𝑂2 is the activity of TiO2 in the system referenced to rutile. The a, b, and c terms in
̅ °, ∆𝑆̅°, and ∆𝑉̅ ° in
equations (4) and (5) are empirical fit parameters that are related to ∆𝐻
equations (2) and (3). Additional fit parameters (e.g. adjustable heat capacity or compressibility
terms) were not justified based on uncertainties of our data. We emphasize that the values of fit
parameters a, b, and c are substantially different than those obtained for a Ti-in-quartz solubility
model (Thomas et al. 2010; Table 3); the estimated 32, 35, and 40 kbar isobars calculated using
the Ti-in-quartz solubility model are plotted in Figure 5. The Ti-in-coesite fit parameters are
essential for successful thermobarometric application as it is obvious that the Ti-in-quartz fit
parameters do not fit the Ti-in-coesite data. Thus, using the Ti-in-quartz solubility model would
underestimate the equilibrium solubility of titanium in coesite.
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3.5 Using the Ti-in-coesite solubility model as a thermobarometer
The Ti-in-coesite solubility model can be applied as a thermobarometer to coesitebearing UHP rocks. There are several different ways in which the model can be used to obtain
P–T estimates of crystallization. The P–T dependencies of Ti-in-coesite solubility described by
equations (4) and (5) can be combined with an independent constraint on either P or T to obtain
the pressure and temperature of coesite crystallization. Fortunately, many UHP rocks contain
coesite, rutile, and zircon (e.g. Baldwin et al. 2008) which will greatly simplify application of the
Ti-in-coesite thermobarometer. Assuming that equilibrium crystallization of coesite, rutile, and
zircon will fix SiO2, TiO2, and ZrSiO4 activities at unity, the Ti-in-coesite and Zr-in-rutile
solubility models may be simultaneously applied to obtain a crystallization pressure and
temperature (Figures 7 & 8; see Tomkins et al. 2007 for details of the Zr-in-rutile
thermobarometer). Coesite typically occurs as inclusions contained in other minerals (Figures 7
& 8) and this occurrence as inclusions, such as with coesite-in-garnet, affords an opportunity to
use the crossing point of isopleths calculated from the Ti-in-coesite solubility model and
isomekes of elastic thermobarometers (e.g. Angel et al. 2015; Thomas and Spear 2018) to
estimate crystallization P–T conditions, and perhaps timescales of exhumation (e.g. Zhong et al.
2018).
The small size of many natural coesite inclusions and low Ti concentrations will impose
some practical limitations and challenges on applying the Ti-in-coesite solubility model as a
thermobarometer. Most modern electron microprobes have excellent spatial resolution (~1 µm)
and detection limits for Ti of ~5 ppm can be achieved by dedicating multiple spectrometers to
the element and employing long acquisition times. Secondary Ion and Laser Ablation Inductively
Coupled Plasma Mass Spectrometry instruments can achieve detection limits at the 10’s of ppb
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level but spatial resolution is typically >10 µm, which may limit the coesite inclusions that can
be measured. One must also consider that Ti diffusion may have modified measured Ti
concentrations. If analytical challenges can be overcome, it is likely that Ti-in-coesite solubility
will be widely used for thermobarometric applications to UHP rocks.
As noted previously, Ti-in-coesite solubility can also be combined with an independent
constraint on either P or T to obtain the crystallization temperature or pressure. Given a Ti-incoesite concentration, a known P, and fit parameters listed in Table 3, the temperature can be
estimated by rearranging equation (4) to give
𝑇 (℃) =

𝑎+𝑐𝑃 (𝑘𝑏𝑎𝑟)
𝑐𝑜𝑒𝑠𝑖𝑡𝑒 +𝑅∙𝑙𝑛𝑎𝑐𝑜𝑒𝑠𝑖𝑡𝑒
𝑏−𝑅∙𝑙𝑛𝑋𝑇𝑖𝑂
𝑇𝑖𝑂
2

− 273.15

(6)

2

Given a Ti-in-coesite concentration, a known T, and fit parameters listed in Table 3, the pressure
can be determined using

𝑃 (𝑘𝑏𝑎𝑟) =

𝑟𝑢𝑡𝑖𝑙𝑒
𝑐𝑜𝑒𝑠𝑖𝑡𝑒
−𝑎+𝑏𝑇 (𝐾)+𝑅𝑇∙𝑙𝑛𝑎𝑇𝑖𝑂
−𝑅𝑇∙𝑙𝑛𝑋𝑇𝑖𝑂
2
2

(7)

𝑐

If pressure can be constrained to within  1 kbar, the temperature can be estimated to within
approximately  15C. If temperature can be constrained to within  25C, the pressure can be
estimated to within approximately  2 kbar.
3.6 Applications to coesite-bearing UHP rocks: Dora-Maira, western Alps, Italy
The ultra high-pressure section of the Dora-Maira massif, located in the western Alps of
Italy, is famously known as one of two localities where coesite inclusions were first discovered
in continental rocks (Chopin 1984; Smith 1984). The Dora-Maira UHP rocks are composed of
granitic gneisses with intercalated marbles, metabasites, and whiteschists. Previous research has
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demonstrated that these rocks have been subducted to depths >100 km (Chopin et al. 1991;
Chopin and Schertl 1999; Rubatto and Hermann 2001; Hermann 2003).
Petrography, CL imaging, and Raman spectroscopic measurements were used to identify
coesite contained in a garnet from a Dora-Maira specimen (sample ALP-13E from Jack Cheney,
Amherst College). Cathodoluminescence imaging revealed that one SiO2 inclusion in garnet
contained irregular ‘relics’ of silica with dark CL, which were positively identified as coesite
using Raman spectroscopy; these coesite relics were surrounded by bright CL rims of
polycrystalline quartz with palisade texture and radial fractures (Fig. 7a). Several coesite relics
appeared to have been plucked during polishing. The intact coesite relics that were able to be
analyzed contain 8.0 ± 1 ppm Ti (Table 4). Rutile crystals occur as inclusions in garnets and as
crystals dispersed throughout the matrix. The rutile crystals contain 172 ± 2 ppm Zr (Table 4)
and there is no apparent difference in Zr concentrations between matrix and inclusion rutile
crystals. The Ti-in-coesite and Zr-in-rutile isopleths cross at 721 ± ~58°C and 34.0 ± ~8 kbar
(Fig. 7b, yellow star), which is in good agreement with previous peak estimates of 730 ± 30 °C
and 43 ± 3 kbar that were based on observed mineral assemblages, whiteschist compositions,
experimentally derived petrogenetic grids, and calibrated fluid-absent equilibria (Hermann
2003).
3.7 Applications to coesite-bearing UHP rocks: Papua New Guinea
Coesite was discovered in a mafic composition eclogite facies boudin within
quartzofeldspathic host gneiss on Tomagabuna Island, part of the D’Entrecasteaux Islands
metamorphic core complex in the active Woodlark Rift of eastern Papua New Guinea (Baldwin
et al. 2008). The eclogite contains garnet, omphacite, rutile, phengite, quartz (± coesite), and
zircon with late stage titanite rimming rutile. Temperature estimates from garnet-pyroxene, Ti-
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in-zircon thermometry, and Zr-in-rutile thermometry range from ~600 to 760°C, and pressure
estimates based on the jadeite content of omphacite and garnet-pyroxene-phengite barometry
have given minimum pressures of ~18 to 27 kbar (Davies and Warren 1992; Hill and Baldwin
1993; Baldwin et al. 2004, 2008; Monteleone et al. 2007). The presence of a coesite inclusion in
omphacite (Fig. 8) indicated that peak metamorphic pressures must have been at least ~28 kbar
(Fig. 2) (Baldwin et al. 2008). Like many other occurrences, radial fractures surround the SiO2
inclusion and relict coesite with dark CL are surrounded by bright CL quartz with palisade
textures (Fig. 8a). The relict coesite in the inclusion contains an average of 15 ± 1 ppm Ti (Table
4). Rutile crystals occur as inclusions in other minerals and dispersed throughout the matrix.
Rutile crystals have 299 ± 3 ppm Zr with a range of 205 to 422 ppm Zr, which is comparable to
Zr-in-rutile values reported by Baldwin et al. (2008). These Zr-in-rutile concentrations are also
similar to some concentrations measured on neighboring, non-coesite bearing Papua New Guinea
rocks (DesOrmeau et al. 2017, 2018). There are not systematic differences in Zr concentrations
between rutile inclusions and matrix crystals. The Ti-in-coesite and Zr-in-rutile isopleths cross at
763 ± ~65°C and 33.0 ± ~7 kbar (Fig. 8b, yellow star).
Prior to development of our Ti-in-coesite solubility model, a minimum crystallization
pressure was based on the coesite-quartz phase boundary, which is temperature dependent (Fig.
2). Similarly, Zr-in-rutile temperature estimates were based on an assumed crystallization
pressure. Recalculation of Baldwin et al.’s (2008) Zr-in-rutile concentrations at 33.0 kbar would
give essentially the same temperature as shown in Figure 8. In summary, previous Zr-in-rutile
measurements are in excellent agreement with temperature estimates from combined Ti-incoesite and Zr-in-rutile thermobarometry (Fig. 8b). As previously noted (Baldwin et al. 2008)
and confirmed here, the Ti-in-zircon temperatures are considerably lower than calculated Zr-in-
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rutile temperatures (Baldwin et al. 2008; DesOrmeau et al. 2017, 2018). The accuracy of Ti-inzircon temperatures at UHP conditions is uncertain because the pressure effect on Ti solubility in
zircon has not been determined, and also because zircon crystallizes over a vast P–T range and
Ti diffusion in zircon is exceptionally slow (Cherniak and Watson 2007).
Titanium diffusion coefficients in coesite are not known. It is notable that the quartz with
palisade texture that envelops the coesite inclusions of the Dora-Maira and Papua New Guinea
samples has similar Ti concentrations as the coesite inclusions. This occurrence may suggest that
Ti concentrations of quartz were not modified by the reconstructive transformation from coesite
to quartz. Therefore, it may be possible to apply the Ti-in-coesite solubility model to rocks that
contain quartz with palisade texture that was convincingly formed after coesite.
4 Conclusion
Our experimental results were used to calibrate a Ti-in-coesite solubility model that can
be used to estimate P–T crystallization conditions of coesite-bearing UHP rocks. Titanium Kedge XANES measurements demonstrate that, over the range of pressures investigated here, Ti4+
substitutes on the four-fold Si4+ site in coesite. Because a single solubility mechanism operated at
all pressures studied, a single set of thermodynamic fit parameters can be used to describe the
effect of pressure and temperature on the solubility of Ti in coesite. Combining the Ti-in-coesite
and Zr-in-rutile solubility models for thermobarometry to UHP rocks from the Dora-Maira
massif gives P–T estimates that are in excellent agreement with previous investigations.
Additionally, thermobarometric applications to the UHP eclogites from Papua New Guinea
provide new constraints on peak metamorphic conditions. Despite the difference in bulk
compositions of the coesite-bearing rock units from Dora-Maira (e.g. Chopin et al. 1991) and
Papua New Guinea (e.g. Baldwin et al. 2008), it is notable that coesite and rutile from the Dora19

Maira and Papua New Guinea specimens have significantly different Ti and Zr concentrations
and TitaniC returns P–T estimates in the UHP field for both.
There are numerous avenues for additional research that would prove useful for
applications of Ti-in-coesite solubility as a thermobarometer. As previously noted, six tungsten
carbide cores in our piston-cylinder pressure vessels were destroyed conducting these
experiments, representing the most expensive and time-consuming aspect of this project.
Additional experiments conducted in other devices that can routinely attain higher P–T
conditions (e.g. multi-anvil devices) would improve the Ti-in-coesite solubility model. Also,
similarities between Ti concentrations in coesite and surrounding quartz with palisade texture
that presumably formed from coesite by reconstructive phase transformation during
depressurization suggests that enveloping quartz may preserve Ti concentrations that were
originally dissolved in the coesite. Unfortunately, Ti diffusion data for coesite do not currently
exist. We have abundant quantities of high-Ti coesite crystals with dimensions up to ~1 mm that
are available for Ti diffusion in coesite studies. Finally, in our applications to natural samples,
we combined the Ti-in-coesite and Zr-in-rutile solubility models. A potential elegant usage
would be to combine the Ti-in-coesite solubility model with a coesite-in-garnet elastic model in
which P–T estimates may be determined from the crossing point of Ti-in-coesite isopleths and
coesite-in-garnet isomekes (see Wolfe and Spear 2018 for an example combining Zr-in-rutile
isopleths and quartz-in-garnet isomekes).
Like other thermobarometric methods, the Ti-in-coesite solubility model is not a simple
remedy that can be indiscriminately applied. Combining mineral equilibria requires some
assurance that the two minerals co-crystallized in a chemical equilibrium (and the TiO2 activity
is well-constrained) and that subsequent alteration has not affected their compositions. Given
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these precautions, the Ti-in-coesite solubility model should prove valuable for thermobarometry
of UHP rocks. Thermobarometric applications of the Ti-in-coesite solubility model may have
implications on lithospheric dynamics studies and could possibly provide additional constraints
on subduction and exhumation processes.
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Appendix
The equation to convert Ti (ppm) to mole fraction TiO2 in coesite (𝑿𝒄𝒐𝒆𝒔𝒊𝒕𝒆
𝑻𝒊𝑶𝟐 ) is:

𝑿𝒄𝒐𝒆𝒔𝒊𝒕𝒆
𝑻𝒊𝑶𝟐

=

𝑻𝒊 (𝒑𝒑𝒎)
𝟏𝑬𝟒×𝟎.𝟓𝟗𝟗×𝟕𝟗.𝟖𝟕
𝑻𝒊(𝒑𝒑𝒎)
𝑻𝒊(𝒑𝒑𝒎)
𝟏
+[(𝟏𝟎𝟎−
)×
]
𝟏𝑬𝟒×𝟎.𝟓𝟗𝟗×𝟕𝟗.𝟖𝟕
𝟏𝑬𝟒×𝟎.𝟓𝟗𝟗×𝟕𝟗.𝟖𝟕 𝟔𝟎.𝟎𝟗

The equation to convert Zr (ppm) to mole fraction ZrO2 in rutile (𝑿𝒓𝒖𝒕𝒊𝒍𝒆
𝒁𝒓𝑶𝟐 ) is:

𝑿𝒓𝒖𝒕𝒊𝒍𝒆
𝒁𝒓𝑶𝟐

=

𝑻𝒊 (𝒑𝒑𝒎)
𝟏𝑬𝟒×𝟎.𝟕𝟒×𝟏𝟐𝟑.𝟐𝟐
𝑻𝒊(𝒑𝒑𝒎)
𝑻𝒊(𝒑𝒑𝒎)
𝟏
+[(𝟏𝟎𝟎−
)×
]
𝟏𝑬𝟒×𝟎.𝟕𝟒×𝟏𝟐𝟑.𝟐𝟐
𝟏𝑬𝟒×𝟎.𝟕𝟒×𝟏𝟐𝟑.𝟐𝟐 𝟕𝟗.𝟖𝟕

Table 1. Comparison of SIMS and EMP analyses
TiiC-38

TiiC-38

SIMS

EPMA

Average (ppm Ti)

9.8

10

Standard Error (1σ)

0.9

0.6

5

90

Number of measurements
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Table 2. List of experimental run conditions and Ti concentrations
Run #

T [°C]

P [kbar]

a

Ti [ppm]

a

𝑐𝑜𝑒𝑠𝑖𝑡𝑒
ln 𝑋𝑇𝑖𝑂
2

Time [h]

Number of measurements

TiiC-38

700

32

10 (1)

-11.41 (0.05)

72

90

TiiC-55

750

32

28 (1)

-10.35 (0.05)

72

89

TiiC-66

800

32

30 (1)

-10.25 (0.02)

72

208

TiiC-62

850

32

39 (1)

-9.93 (0.02)

72

211

TiiC-48

900

32

61 (2)

-9.48 (0.02)

70

121

TiiC-21

925

32

90 (3)

-9.09 (0.03)

120

30

TiiC-25

950

32

103 (2)

-8.99 (0.03)

120

116

TiiC-26

975

32

121 (4)

-8.79 (0.03)

120

37

TiiC-61

1000

32

137 (2)

-8.67 (0.01)

72

87

TiiC-64

1025

32

182 (1)

-8.39 (0.01)

72

138

TiiC-11

700

35

6 (< 1)

-11.76 (0.07)

120

43

TiiC-58

750

35

10 (< 1)

-11.37 (0.05)

72

86

TiiC-18

800

35

16 (1)

-10.82 (0.05)

120

13

TiiC-10

825

35

15 (1)

-10.90 (0.03)

120

86

TiiC-6

860

35

21 (< 1)

-10.54 (0.02)

120

13

TiiC-4

900

35

35 (1)

-10.03 (0.03)

120

17

TiiC-3

940

35

48 (1)

-9.72 (0.02)

120

34

TiiC-7

975

35

82 (2)

-9.18 (0.02)

142

11

TiiC-53

1000

35

68 (1)

-9.37 (0.01)

72

138

TiiC-68

1050

35

132 (1)

-8.71 (0.01)

72

121

TiiC-17

875

40

19 (1)

-10.62 (0.03)

120

31

TiiC-14

900

40

25 (1)

-10.38 (0.03)

47

14

TiiC-15

900

40

21 (1)

-10.52 (0.04)

120

16

TiiC-16

950

40

41 (1)

-9.88 (0.02)

96

34

TiiC-70

1000

40

55 (1)

-9.58 (0.01)

72

124

TiiC-69

1050

40

93 (1)

-9.06 (0.01)

72

118

a

Values in parentheses are one Standard Error from the Mean. Each Ti concentration and

𝑐𝑜𝑒𝑠𝑖𝑡𝑒
ln 𝑋𝑇𝑖𝑂
value is the data set average. Decimal places included are for fitting purposes.
2
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Table 3. Least-squares fit parameters obtained by fitting equation 4 to Ti-in-coesite solubilities
shown on Figure 5 and listed in Table 1.
parameter

Ti-in-coesite

Zr-in-rutile

Ti-in-quartz

a

55.068 ± 4.686

85.500  0.005

60.952  3.177

b

0.00195 ± 0.0032

0.0291  .0030

0.00152  0.0039

c

1.234 ± 0.113

0.476  0.039

1.741  0.063

n.d.

0.010

n.d.

W*
*

Tomkins et al. (2007) used an interaction parameter (W) in their equation to fit Zr-in-rutile

solubility due to high Zr concentrations in rutile. n.d.= not determined. Values for Zr-in-rutile are
from Tomkins et al. (2007); values for Ti-in-quartz are from Thomas et al. (2010).

Table 4. EPMA data of natural coesite samples
Western Alps

Western Alps

Papua New

Papua New

Ti-in-coesite

Zr-in-rutile

Guinea

Guinea

Ti-in-coesite

Zr-in-rutile

Average (ppm Ti)

8

172

15

299

Standard Error

1

2

1

3

Number of measurements

11

118

9

232
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Fig. 1 Piston-cylinder assembly used in all experiments.

25

Fig. 2 Experimental P–T conditions and phase relations from this study compared to several
previously reported coesite-quartz phase equilibria (Boyd and England 1960b; Kitahara and
Kennedy 1964; Mirwald and Massonne 1980; Bose and Ganguly 1995). The open black squares
designate experimental P–T conditions that produced coesite; the solid black squares designate
experimental P–T conditions that produced quartz.
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Fig. 3 Mixed reflected and
transmitted light photomicrographs
of experimental run products (a)
Loose run products; external forms
of some coesite crystals clearly show
monoclinic symmetry (b) Single
coesite crystal mounted in epoxy
with inclusions of (bright) rutile and
negative crystal forms (dark). (c)
Single coesite crystal mounted in
epoxy overlain with titanium
concentrations measured by electron
microprobe.

27

Fig. 4 Raman spectra of synthesized coesite and quartz crystals compared to spectra from the
RRUFF database of Raman spectra (Lafuente et al. 2015). The strong peaks of each spectrum are
the products of symmetric Si-O-Si stretching-bending vibrations within the silicate ring
structures of the mineral (Kingma and Hemley 1994). Coesite Raman band frequencies are
significantly different than quartz Raman bands. Additionally, Raman spectra from our study do
not show any evidence of quartz crystallites (in the form of Raman Shift peak at ~465 cm-1)
sometimes observed in natural coesite (Sharma et al. 1981; Boyer et al. 1985).
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Fig. 5 Ti concentrations of experimentally grown coesite plotted in lnXTiO2 vs T (K) space. Error
bars are one standard error from the mean and are mostly smaller than the data point symbol. The
solid contour lines are least-squares fits to data at each experimental pressure using the empirical
fit parameters equation (5) obtained from fitting all experimental data to equation (4). The
dashed lines are the calculated 32, 35, and 40 kbar contour lines using the Ti-in-quartz fit
parameters from Thomas et al. (2010).
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Fig. 6 (a) Titanium K-edge
x-ray absorption near-edge
structure (XANES) spectra
of synthesized coesite and
quartz crystals, a rutile
crystal, and α-Ti2O3 with
corundum structure. The
pre-edge peak feature of
the coesite and quartz
crystals is larger and
shifted to lower energies
than that of rutile. Raw
spectral data were
normalized to account for
differences in samples and
detector settings, and the
normalized spectra have
been vertically offset for
better comparison. (b)
Normalized intensities of
pre-edge peak features that occur between the 4968 and 4971 eV photon energy positions. The
different boxes group Ti4+ into four-fold [IV], five-fold [V] and six-fold coordination [VI], and
include materials from Farges et al. (1997), Thomas et al. (2010), and this study.
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Fig. 7 (a) CL image of the ALP-13E
SiO2 inclusion showing the dark blue
relics of coesite surrounded by lighter
palisade quartz. Concentrations of Ti
shown at approximate probe location.
(b) Application of the crossing
isopleth method to Ti-in-coesite
(TiiC) and Zr-in-rutile (ZrRt) data
from the western Alps (Dora-Maira)
sample ALP-13E (Jack Cheney,
Amherst College).
The (yellow) star
denotes the
intersection of the
average
concentration
isopleths at 721°C
& 34.0 kbar. The
pink area denotes
the approximate
quartz-coesite
phase boundary region outlined in Figure 2.
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Fig. 8 (a) CL image of the
SiO2 inclusion (sample
89321C, Baldwin et al.
2008) showing the dark blue
relics of coesite surrounded
by lighter quartz.
Concentrations of Ti shown
at approximate probe
location.
(b) Application
of the crossing
isopleth method
to Ti-in-coesite
(TiiC) and Zrin-rutile (ZrRt)
data from PNG
sample 89321C.
The (yellow)
star denotes the
intersection of
the average
concentration isopleths at 763°C & 33.0 kbar. The pink area denotes the approximate quartzcoesite phase boundary region outlined in Figure 2.
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Abstract
New experiments to study titanium solubility in quartz were conducted at conditions not
previously explored to extend and improve existing Ti-in-quartz solubility models for
thermobarometric applications. Starting materials for experiments included silica glass, anatase,
synthetic and natural rutile, Ti-enriched silica gel, Ti-enriched melts, zirconia, and water.
Additional experimental data enabled us to characterize Ti-in-quartz solubility across much of
the α- and β-quartz stability fields from 2 to 30 kbar and 550 to 1050°C. The occurrence of
mineral inclusions in one another and Raman spectroscopy of mineral phases confirmed cocrystallization of quartz, rutile, and zircon. Electron microprobe measurements and
cathodoluminescence images show that Ti concentrations in quartz crystals from all experiments
are relatively uniform, and Ti concentrations of quartz crystals grown at the same experimental
conditions using several TiO2-rich starting materials and several different growth media are the
same within the analytical uncertainties. The titanium concentration in quartz crystals
systematically increases with temperature and decreases with pressure. Narrowing of isobars in
T−Ti concentration space is related to volume change associated with incorporating Ti in the
quartz structures that decreases with pressure. The range of P–T conditions investigated by our
experiments enabled determination of unique Ti solubility relationships in the alpha- and betaquartz (α- and β-quartz) stability fields. However, even though separate fits to α- and β-quartz
data accurately describe Ti concentrations of quartz, there is no evidence that the α–β quartz
transition affects Ti solubility in quartz. Instead, a volume expansion Ti-in-quartz solubility
model that accounts for both titania activity and temperature-pressure sensitivity can describe
incorporation of Ti in quartz across the full range of crustal stability (spanning α- and β-quartz
𝑞𝑢𝑎𝑟𝑡𝑧
stability fields): 𝑅𝑇 𝑙𝑛𝑋𝑇𝑖𝑂
= −55.295 − [𝑃(𝑘𝑏𝑎𝑟) ∙ (−2.624 + 0.0403 𝑃(𝑘𝑏𝑎𝑟))] + 𝑅𝑇 𝑙𝑛𝑎𝑟𝑢𝑡𝑖𝑙𝑒
𝑇𝑖𝑂2
2
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where R is the gas constant 0.0083145 kJ/K, T is temperature in Kelvin, P is the pressure in kbar,
𝑞𝑢𝑎𝑟𝑡𝑧
𝑋𝑇𝑖𝑂
is the mole fraction of TiO2 in quartz, and 𝑎𝑟𝑢𝑡𝑖𝑙𝑒
𝑇𝑖𝑂2 is the activity of TiO2 in the system
2

referenced to rutile at standard state conditions of 1 bar and 25°C. Experiments to co-crystallize
quartz, rutile, and zircon permitted unparalleled capabilities to cross-check thermobarometric
results from our Ti-in-quartz solubility models against the widely accepted Zr-in-rutile solubility
models. We further tested our Ti-in-quartz solubility models by using experiments that cocrystallized quartz, wollastonite, and titanite to fix 𝑎𝑟𝑢𝑡𝑖𝑙𝑒
𝑇𝑖𝑂2 < 1. Concentrations of Ti measured in
quartz crystallized from the sub-unity 𝑎 𝑇𝑖𝑂2 experiments in the α- and β-quartz fields predict
activities that match those calculated using the mineral reaction equilibrium and available
thermodynamic data. Demonstrated agreement between calculated and measured experimental
P−T conditions using the Zr-in-rutile and Ti-in-quartz solubility models and the consistent
reduction of Ti concentrations within a reduced activity environment provide strong evidence for
equilibrium co-crystallization of quartz and rutile and that out solubility model accurately
describes the equilibrium solubility of titanium in quartz.
1 Introduction
Quartz is stable over a wide range of pressure (P) and temperature (T) conditions and is a
common mineral in many igneous, metamorphic, and sedimentary rocks. Numerous studies
documented that quartz commonly contains several elements (e.g., Ti, Al, Fe, etc.) at trace
element concentration levels typically <1000 parts per million by weight, or µg/g (Müller et al.
2000, 2003a, b, 2005, 2007, 2009, 2012, 2016; Breiter et al. 2013). The earliest experimental
studies measured the solubility of titanium (Ti) in quartz over a range of temperatures at fixed
pressure (Ostapenko et al. 1987; Wark and Watson 2006). Subsequent studies from 5 to 20 kbar
showed that pressure also affects the solubility of Ti in quartz (Thomas et al. 2010, 2015). The
43

P–T dependencies of Ti-in-quartz solubility can be used as a thermobarometer when combined
with other univariant equilibria (e.g., Zr in rutile, quartz in garnet) or independent constraints on
either pressure or temperature. The Ti-in-quartz solubility model has great potential for
estimating the crystallization P–T conditions of quartz-bearing rocks.
Early applications of experimentally developed Ti-in-quartz solubility models that aimed
to reconstruct the conditions of geologic events faced uncertainties when results from quartz
were inconsistent with those from other independent thermometers and barometers in the same
rocks. Calculated temperatures from Ti in quartz were often lower than temperatures derived
from previously published estimates, and these discrepancies were most significant at low
pressure. Lower than expected Ti concentrations in natural samples could be related to numerous
phenomena including crystallization at different intervals of a geologic event, changes in
chemical activity, or a variety of disequilibrium processes that could affect quartz crystallization
in natural environments. The disagreement between measured Ti concentrations and those
expected based on results of other techniques led to multiple additional experimental studies that
attempted to reproduce the temperature and pressure sensitivity of Ti solubility in quartz (Huang
and Audétat, Thomas et al 2015; Zhang et al, Acosta et al). Differences in the design and
operating conditions of experimental apparatuses and significant differences in the design of
sample reaction cells created substantial changes in the perceived behavior of Ti in quartz.
Importantly, all previous experimental studies were performed either exclusively in the β-quartz
stability field (Huang and Audétat 2012, Zhang et al. 2020, Acosta et al. 2020) or mostly within
lower pressures of the α–β quartz fields (Thomas et al. 2010, 2015). Experiments that were
conducted over a narrow range of pressures or temperatures, those that did not investigate both
quartz polymorphs systematically, or those that involved infinite reservoirs of reactant material
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made it difficult to interpret the extent of equilibrium in various experimental products, and thus
led to uncertainty when deciding between different experimental calibrations for application to
natural environments.
The purpose of our present study is to describe equilibrium crystallization experiments
performed over nearly the complete range of quartz crustal stability in order to better understand
changes to Ti solubility under conditions of Earth’s lithosphere. The collective dataset for the Tiin-quartz solubility model includes 89 experiments in which quartz co-crystallized with rutile
and zircon. The extended range of P–T conditions permits us to evaluate whether Ti solubility in
quartz is significantly different α- and β-quartz, which have significantly different physical
properties (e.g., bulk modulus). We use the Zr concentrations of rutile co-crystallized in our
experiments, existing Zr-in-rutile solubility models, and thermodynamics of mineral reactions in
rutile-free systems to evaluate the extent to which quartz incorporated equilibrium concentrations
of Ti in quartz.
2 Methods
2.1 Experiments
We conducted most experiments in the SiO2-TiO2-ZrSiO4 field of the TiO2-ZrO2-SiO2
system (see Fig. 1 of Thomas et al. 2010). A three-quarter inch diameter piston-cylinder
assembly (Fig. 1) with MgO–Pyrex–NaCl crushable materials (Watson et al. 2002) was used to
conduct experiments at 5, 8, 10, 12, and 15 kbar. Silver capsules with 1.3 mm thick walls (~75
mm3 in volume) contained powdered Alfa Aesar starting materials of SiO2 (~15 mg,
amorphous), TiO2 (~5 mg, usually anatase), and ZrO2 (~6 mg) plus H2O (deionized). A half-inch
diameter piston–cylinder assembly was used for experiments conducted at P > 20 kbar. Higher
pressure experiments used silver capsules with 1 mm thick walls (~20 mm3 in volume) that
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contained powdered Alfa Aesar starting materials of SiO2 (~10 mg), TiO2 (~4 mg), and ZrO2 (~5
mg) plus H2O. The relative amounts of powdered starting materials were generally consistent for
each experiment; the amount of water added to the capsule varied depending on the intended P–
T conditions of an experiment, with less added at higher pressure and temperature conditions.
Experiments contained similar weights of SiO2 and H2O at 10 kbar. To evaluate potential effects
of various TiO2 sources on incorporation of Ti in quartz, experiments were conducted using
anatase (Alfa Aesar), synthetic rutile (Alfa Aesar), natural rutile (Graves Mountain, Georgia,
USA), and two TiO2-enriched silica gels with 415 and 2302 ppm Ti (Nachlas 2016). To explore
Ti incorporation in quartz in rutile-free systems with sub-unity titania activities <1, we also
performed two experiments in the SiO2-CaTiSiO5-CaSiO3 field of the SiO2-TiO2-CaO system by
adding only SiO2 (Alpha Aesar; amorphous), titanite (CaTiSiO5; natural), and wollastonite
(CaSiO3; Alpha Aesar) to silver capsules as described above.
Experiments were conducted using an end-loaded piston-cylinder apparatus (Boyd and
England 1960). Each silver capsule was sealed in piston-cylinder vessels during pressurization at
room temperature. Hydraulic oil pressures were measured with Enerpac Bourdon-tube gauges
with 18 cm diameter dials. Temperature was controlled to ±1 °C using type-D thermocouples
(W97Re3–W75Re25) and Eurotherm Nanodac PID controllers; thermocouple accuracy reported
from the vendor (Concept Alloys) is ±0.5°C. Oil pressure was adjusted if it dropped ~200 psi
beneath the target pressure, which is the smallest graduation on the pressure gauges (200 psi
equals 0.5 kbar with a half-inch piston and ~0.2 kbar with a three-quarter inch piston). No
‘friction corrections’ were applied to the calculated experimental pressures because reported
pressures are interpreted as accurate to within approximately ±120 bars (Spear et al. 2014;
Thomas and Spear 2018). Most experiments were terminated after ~3–5 days by shutting off the
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power to the graphite furnace, which quenched the experiment to under 100°C in < 30 seconds.
A time-series of experiments was run at 10 kbar and 600°C to evaluate the kinetics of
transforming anatase starting material to rutile; the shortest duration experiment was quenched 3
minutes after achieving the target experimental temperature. Capsules were opened after
experiments with two pairs of pliers by wrenching off the capsule lid or by using a lathe to
machine through the capsule lid. Experimental run products were washed out of capsules with
ethyl alcohol or water. After drying, crystals were hand-picked (selected for size and lack of
visible inclusions) and mounted in epoxy. The epoxy mounts were ground flat with silicon
carbide papers (1200 grit), polished with 1 μm alumina, and finished in 60 nm colloidal silica
suspensions for subsequent analyses.
2.2 Electron probe microanalysis and cathodoluminescence imaging
The Cameca SXFive electron probe microanalyzer (EPMA) at Syracuse University and
the Cameca SX100 at Rensselaer Polytechnic Institute were used to measure trace element
concentrations of Ti in quartz. The instruments operated at 15 kV accelerating voltage for all
imaging and quantitative measurements. We adjusted beam currents from 10–20 nA for backscattered electron and cathodoluminescence (CL) imaging to document potential variations in Ti
distribution. We tuned the five wavelength dispersive spectrometers on the EPMA by adjusting
the beam current to attain ~12,000 counts per second for analyte X-rays on gas-flow proportional
counters. Quantitative trace element measurements of Ti in quartz and Zr in rutile were
performed using a 200-nA beam current and a ‘focused’ beam (~1 µm diameter). For quartz
measurements, Ti Kα X-rays were diffracted with large PET diffraction crystals (22 × 60 mm)
and simultaneously counted on four spectrometers (200 seconds on peak, 100 seconds on each
low and high background), which produced an average detection limit of 5 to 8 ppm for
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individual measurements. Silicon Kβ X-rays were counted to confirm that analyzed materials
were silica. For rutile measurements, Zr Lα X-rays were diffracted with five PET diffraction
crystals (four 22 × 60 mm and one 22 × 32 mm) and simultaneously counted on five
spectrometers (200 seconds on peak, 100 seconds on backgrounds), which produced a detection
limit of 24 ppm Zr. Ti Kβ X-rays from rutile were counted to confirm that analyzed materials
were rutile. We calibrated Ti, Zr, and Si using rutile, zircon, and quartz standards. To avoid
secondary fluorescence effects, measurements were performed >50 µm from rutile inclusions in
quartz or zircon inclusions in rutile. The accuracy of EPMA measurements was evaluated by
analyzing quartz and rutile reference materials synthesized in Thomas et al. (2010) and Thomas
et al. (2015) that contain a range of Ti and Zr concentrations.
2.3 Raman Spectroscopy
A Renishaw inVia Raman microprobe at Syracuse University was used to positively
identify minerals that crystallized in experiments. Incident 532 nm laser light was focused onto
crystals using a 100X objective (NA = 0.9). Spectra were acquired for 20 to 30 seconds. Ramanshifted light was backscattered (180° geometry) and statically dispersed with an 1800
groove/mm grating onto a charged-couple device. We calibrated the spectrometer using
numerous Ne lines, and spectral accuracy and linearity were checked throughout each analytical
session by measuring the Rayleigh scattered laser light and the 520.5 cm−1 band of the silicon
standard.
3 Results
Experimental P–T conditions encompass much of the α- and β-quartz fields (Fig. 2; Table
1) up to the quartz–coesite phase boundary. Fifty-seven experiments were conducted in the αquartz stability field and 32 experiments were conducted in the β-quartz stability field. At lower
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P–T conditions, abundant milky-white aqueous fluid was present upon opening experimental
capsules; experiments run at higher P–T conditions with less initial added water were visibly wet
after experiments. Raman spectroscopy confirmed that quartz, rutile, and zircon co-crystallized
in all experiments performed in the SiO2-TiO2-ZrSiO4 subsystem (Fig. 3), and quartz, titanite,
and wollastonite crystallized in all experiments of the SiO2-CaTiSiO5-CaSiO3 subsystem.
The experimental minerals grew freely from hydrothermal fluids in most experiments
which permitted us to wash them directly from pressure-sealing capsules (Fig. 4a) for subsequent
analyses. Quartz crystals are colorless and range in size from 10s of µm up to ~1.5 mm, with
larger crystals generally formed in the higher temperature experiments. Quartz crystals have
subhedral to euhedral shapes; many crystals synthesized in the α-quartz field display trigonal
symmetry (Fig. 4b−d). Rutile crystals are honey-brown in color and have stubby euhedral forms
(Fig 4e−f). The largest rutile crystals, typically <100 µm, formed in higher temperature
experiments. Zircons are clear, euhedral, and always <30 µm (Fig. 4c). A time-series of
experiments established that the anatase to rutile transformation occurs in less than 3 minutes at
600°C prior to nucleation of quartz and zircon. This indicates that rutile was present for cocrystallization with quartz and zircon in all longer duration experiments. In the two experiments
of the SiO2-CaTiSiO5-CaSiO3 subsystem, titanite crystals were pale green, equidimensional, and
typically <500 µm; wollastonite crystals were white elongate blades with long dimensions <800
µm. Ubiquitous occurrences of mineral inclusions in one another (Fig. 4c) provides physical
evidence for equilibrium co-crystallization in the studied chemical systems.
Average Ti concentrations of quartz crystals from our experiments spanned ~8 to 813
ppm (i.e. µg/g; Table 1). Cathodoluminescence images with uniform brightness and similar Ti
concentrations along transects (Fig. 4d) showed that quartz crystals have uniform Ti distributions
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within and among crystals regardless of shape or size (Table 1). Figure 5a shows that Ti
concentrations of quartz crystals systematically increase with increasing temperature and
decreasing pressure, and the spacing between isobars decreases with increasing pressure. We
measured the Zr concentrations of rutile that co-crystallized with zircon and quartz in nine
experiments (Table 2). Because larger rutile crystallized in higher temperature experiments, Zrin-rutile measurements are mostly restricted to higher temperature runs. The Zr concentrations in
rutile increase with increasing temperature and decreasing pressure with concentrations ranging
from ~650 to 5183 ppm Zr (Table 2). Backscattered electron images and quantitative
measurements along transects show that Zr concentrations in rutile crystals are relatively uniform
(Fig. 4f).
To test for the potential effects that the TiO2 source may have on Ti concentrations in
quartz (Acosta et al. 2020), we conducted experiments using anatase, two types of rutile, and two
Ti-enriched silica gels (Table 1). Experiments at identical conditions using different starting
materials crystallized quartz with similar morphologies and indistinguishable Ti concentrations
(Fig. 5a; Table 1). Likewise, Ti concentrations of quartz crystals grown using the aforementioned
methods are essentially identical to those from Wark and Watson (2006) that also crystallized
quartz from a high-silica rhyolite composition melt with ~10 wt% added TiO2, a Na-silicate melt
with ~6 wt% added TiO2, and HF-fluids (Table 1).
4 Discussion
The dataset used to model the solubility of Ti in quartz contains 89 experiments in
which quartz and rutile crystallized over a total P–T range spanning 2 to 30 kbar and 550 to
1050°C (Fig. 2), including 2 kbar data from Ostapenko et al. (1987), higher-pressure results from
Wark and Watson (2006) and Thomas et al. (2010), and the new experimental results given in
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Table 1 (QTiP-H and SAT series). The collective dataset contains 57 and 32 experiments that
crystallized quartz in the α- and β-quartz stability fields, respectively.
4.1 Thermodynamics of Ti-in-quartz solubility
When quartz crystallizes with rutile, the equilibrium,
𝑆𝑖𝑂2𝑞𝑢𝑎𝑟𝑡𝑧 + 𝑇𝑖𝑂2𝑟𝑢𝑡𝑖𝑙𝑒 = 𝑆𝑖𝑂2𝑟𝑢𝑡𝑖𝑙𝑒 + 𝑇𝑖𝑂2𝑞𝑢𝑎𝑟𝑡𝑧

(1)

defines the titanium solubility in quartz for which the Ti concentration in quartz varies with P
and T. Previous Ti K-edge XANES measurements of quartz and coesite showed that the
equilibrium in equation (1) involves simple substitution of Ti4+ for Si4+ on the tetrahedral sites of
the silica minerals in our experiments (Thomas et al. 2010; Osborne et al. 2019). The
𝑇𝑖𝑂2𝑞𝑢𝑎𝑟𝑡𝑧 endmember in equation (1) is fictive TiO2 in the quartz structure having regular
solution properties at low concentrations into the Henry’s Law limit. At chemical equilibrium
described by equation (1) the free energy change for the reaction is given by
𝑞𝑢𝑎𝑟𝑡𝑧
̅ ° − 𝑇∆𝑆̅° + 𝑃∆𝑉̅ ° + 𝑅𝑇 𝑙𝑛𝑋𝑇𝑖𝑂
∆𝐺̅ ° = ∆𝐻
− 𝑅𝑇 𝑙𝑛𝑎 𝑇𝑖𝑂2 = 0
2

(2)

̅ °, ∆𝑆̅°, and ∆𝑉̅ ° are the enthalpy, entropy, and volume changes associated with the
in which ∆𝐻
exchange reaction described by equation (1), T is absolute temperature in K, P is pressure in
𝑞𝑢𝑎𝑟𝑡𝑧
kbar, R is the gas constant, 𝑋𝑇𝑖𝑂
is the mole fraction of TiO2 in quartz, and 𝑎𝑟𝑢𝑡𝑖𝑙𝑒
𝑇𝑖𝑂2 is the
2

activity of titania in the system (referenced relative to pure rutile at standard conditions; herein
simply referred to as 𝑎 𝑇𝑖𝑂2 ). Because rutile co-crystallized in experiments used to calibrate Ti
solubility in quartz, 𝑎 𝑇𝑖𝑂2 = 1 in all experimental systems.
4.2 Development of Ti-in-quartz solubility models
To calibrate the P−T dependencies of Ti solubility in quartz, we rearranged equation (2)
and used a least-squares approach to fit the general polybaric expression
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𝑞𝑢𝑎𝑟𝑡𝑧

𝑙𝑛𝑋𝑇𝑖𝑂2

=

−𝑎+(𝑇∙𝑏) −(𝑃∙𝑐) +𝑅𝑇 𝑙𝑛𝑎𝑇𝑖𝑂2

(3)

𝑅𝑇

to the experimental data in Table 1 where a, b, and c are adjustable fit parameters that are
̅ °, ∆𝑆̅°, and ∆𝑉̅ °. A simple solubility mechanism described by equation (1)
proportional to ∆𝐻
would cause concentrations of Ti in quartz to decrease linearly along isotherms with increasing
𝑞𝑢𝑎𝑟𝑡𝑧
pressure according to equation (2). On T–𝑙𝑛𝑋𝑇𝑖𝑂
plots of experiments from 5 to 20 kbar,
2

Thomas et al. (2010) noted comparable spacing between the 5, 10, and 15 kbar isobaric data.
However, the Ti in quartz concentrations of the 20 kbar runs were closer to the 15 kbar isobar
than expected based on equations (2, 3) that predict equal spacing between isobars (see vertical
lines with arrows in Fig. 5b). They explored potential differences in solubility between α- and βquartz and the possibility that a compressibility term (i.e. a modified volumetric term) should be
considered in a solubility model. However, the limited range of P–T conditions in that study did
not warrant incorporating additional fit parameters in equation (3) because only one isobar (20
kbar) displayed anomalous spacing. Our collective dataset assembled over a wider range of P–T
conditions allowed us to reconsider potential changes to isobar spacing and evaluate how the
continuous phase transition from α- to β-quartz (Angel et al. 2017a) might affect the solubility of
Ti in quartz.
On the Arrhenius plot shown in Figure 5a, isobar spacing progressively decreases and
isobars slopes increase with increasing pressure. The decreased isobar spacing with increasing
pressure manifests as curvature along isotherms in pressure-concentration space (e.g., P vs.
𝑞𝑢𝑎𝑟𝑡𝑧
𝑅𝑇𝑙𝑛𝑋𝑇𝑖𝑂
) that cannot be adequately fit with equation (3). As in Thomas et al. (2010),
2

equation (3) satisfactorily fits concentrations of Ti in quartz from experiments up to ~12 kbar,
but at higher pressures it predicts that quartz will have lower concentrations of Ti than observed
(Fig. 5b). Much of the data at P<12 kbar is from quartz crystallized in the -quartz field that has
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concentrations of Ti in quartz that vary linearly in P–lnX space, yet Ti concentrations in quartz
crystallized in the α-quartz field display obvious nonlinearity with increasing pressure (Fig. 6a).
We initially considered that the nonlinearity of Ti concentrations in α-quartz with increasing
pressure and the decreased isobar spacing might be related to large volume differences arising
from the continuous α- to -quartz transition (Fig. 6b) (Angel et al. 2017b). Thus, for each quartz
polymorph we developed the solubility models
𝛽−𝑞𝑢𝑎𝑟𝑡𝑧

𝑅𝑇 𝑙𝑛𝑋𝑇𝑖𝑂2

= −𝑎 + [𝑏 ∙ 𝑇(𝐾)] − [𝑐 ∙ 𝑃(𝑘𝑏𝑎𝑟)] + 𝑅𝑇 𝑙𝑛𝑎𝑟𝑢𝑡𝑖𝑙𝑒
𝑇𝑖𝑂2

𝛼−𝑞𝑢𝑎𝑟𝑡𝑧
𝑅𝑇 𝑙𝑛𝑋𝑇𝑖𝑂
= −𝑎 + [𝑏 ∙ 𝑇(𝐾)] − [𝑐 ∙ 𝑃(𝑘𝑏𝑎𝑟)𝑑 ] + 𝑅𝑇 𝑙𝑛𝑎𝑟𝑢𝑡𝑖𝑙𝑒
𝑇𝑖𝑂2
2

(4)
(5)

in which a, b, and c are as described for equation (3), and fit parameter d for the α-quartz
expression is an exponent on the pressure term (Table 3). Similar trace element in mineral
solubility models were previously developed for Ti in quartz (Thomas et al. 2010; Huang and
Audétat 2012; Zhang et al. 2020), Zr in rutile (Tomkins et al. 2007; Kohn 2020), and Zr in
titanite (Hayden et al. 2007).
Figure 5b–c shows that equations (4) and (5) adequately fit Ti concentrations of quartz
crystallized in the α- and β-quartz fields, and that equation (5) can fit both α- and β-quartz data
reasonably well to give r2=0.972 (Table 3). However, there is no obvious change in Ti solubility
behavior in quartz across the α–β phase boundary (Table 1; Fig. 2; see Supplement Figure S1
with labeled concentrations). The decreased isobar spacing with increasing pressure shown in
Figures 5a indicates a decrease in ∆𝑉̅ ° with increasing pressure, but changes to concentrations of
Ti in quartz with increasing pressure do not show continuous variation that reflect volumetric
changes related to the α- to β-quartz transition. With increasing temperature along any isobar
shown in Figure 5b−d, the volume of quartz decreases continuously approaching the continuous
transition from lower symmetry α-quartz to the higher symmetry β-quartz structure (e.g., Fig. 1a
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of Angel et al. (2017)), but within the range of scatter the Ti-in-quartz isobars are featureless
across the phase boundary. Moreover, transitioning from β-quartz with higher symmetry to αquartz lower symmetry decreases molar volume, which would then mean that at higher pressures
in the α phase field, the ∆𝑉̅ ° would be increased, because the SiO2 quartz appears as a reactant in
𝑞𝑢𝑎𝑟𝑡𝑧
the reaction in (1), and ∆𝑉̅ ° > 0. For these reasons, the pressure effect on 𝑅𝑇 𝑙𝑛𝑋𝑇𝑖𝑂
is not
2

due solely to the α–β phase transition in SiO2 quartz. Because incorporation of Ti in the quartz
polymorphs cannot be directly related to the continuous transition, it is difficult to physically
reconcile the significantly different fit parameters (Table 3) obtained for the two solubility
models described by equations (4) and (5). Nevertheless, the two solubility models accurately
describe the Ti concentrations of quartz crystallized at P−T conditions that span much of the αand β-quartz fields (Fig. 7a−b).
We developed an alternative solubility model that directly uses the decreased Ti-in-quartz
isobar spacing with increasing pressure displayed on Figure 5a to model changes in ∆𝑉̅ ° in
equation (2) as
∆𝑉̅ ° = ∆𝑉̅ °° + 𝑑 ∙ 𝑃

(6)

in which ∆𝑉̅ °° is the volume change of reaction (1) at zero pressure, and d is an adjustable
parameter (in kJ/mol/kbar or cm3/mol/kbar) that provides the pressure dependence. A decrease in
∆𝑉̅ ° with increasing pressure is not unreasonable. It could simply be due to the products
𝑆𝑖𝑂2𝑟𝑢𝑡𝑖𝑙𝑒 + 𝑇𝑖𝑂2𝑞𝑢𝑎𝑟𝑡𝑧 being more compressible than the reactants 𝑆𝑖𝑂2𝑞𝑢𝑎𝑟𝑡𝑧 + 𝑇𝑖𝑂2𝑟𝑢𝑡𝑖𝑙𝑒 .
Substituting (6) into equation (2) gives
𝑞𝑢𝑎𝑟𝑡𝑧
̅ ° − 𝑇∆𝑆̅° + 𝑃(∆𝑉̅ °° + 𝑑 ∙ 𝑃) + 𝑅𝑇 𝑙𝑛𝑋𝑇𝑖𝑂
∆𝐺̅ ° = ∆𝐻
− 𝑅𝑇 𝑙𝑛𝑎 𝑇𝑖𝑂2 = 0
2

(7)

which we refer to as the volume expansion model. Equation (7) can be rearranged as
𝑞𝑢𝑎𝑟𝑡𝑧
𝑅𝑇 𝑙𝑛𝑋𝑇𝑖𝑂
= −𝑎 + [𝑏 ∙ 𝑇(𝐾)] − [𝑃(𝑘𝑏𝑎𝑟) ∙ (𝑐 + 𝑑 ∙ 𝑃(𝑘𝑏𝑎𝑟)] + 𝑅𝑇 𝑙𝑛𝑎𝑟𝑢𝑡𝑖𝑙𝑒
𝑇𝑖𝑂2
2
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(8)

and fit to Ti concentrations of quartz to give fit parameters listed in Table 3.
Figures 5d, 6c, and 7c show fits of equation (8) to the Ti concentrations of quartz (Table
1) demonstrating that the volume expansion model fits Ti concentrations of quartz crystallized in
the α- and β-quartz stability fields. For most P−T conditions, Ti-in-quartz solubility models
described by α- and β-quartz (equations 4 & 5) and the volume expansion solubility model
(equation 8) give similar results. The largest differences in predicted Ti concentrations of quartz
occur at the lowest pressures and near the quartz−coesite phase boundary. As an example
considering the ~100 ppm Ti-in-quartz data (Fig. 8), the -quartz model (equation 4) gives
higher Ti-in-quartz concentrations for Ostapenko et al.’s (1987) experiment at 2 kbar and 550°C,
and the volume expansion model (equation 8) gives lower temperatures for the higher pressure
experiment at 30 kbar and 1050°C; predicted Ti-in-quartz concentrations at most other
conditions are similar. Despite the systematic Ti-in-quartz concentrations measured over large
ranges of P−T conditions, experimental and analytical challenges/limitations cause scatter on the
order of ~1000 J/mol, which affect model fits and resulting predicted Ti-in-quartz
concentrations. The low-pressure experiments are limited because the solubility of SiO2 and
TiO2 are diminishingly low in fluids and melts (Ryerson and Watson 1987; Manning 1994;
Green and Adam 2002; Gaetani et al. 2008; Antignano and Manning 2008; Hayden and Manning
2011), and high-pressure experiments are limited by the coesite phase boundary and the melting
point of the experiment silver capsules.
Finally, all types of fitting routines described above yielded b terms that are within error
of zero (Table 3). Because b is small and within error of zero when allowed to vary, it has little
effect on the fit results even considering maximum and minimum errors. Importantly, Figures
𝑞𝑢𝑎𝑟𝑡𝑧
5b−d demonstrate that there is no significant variation of 𝑅𝑇 𝑙𝑛𝑋𝑇𝑖𝑂
with T along each isobar,
2
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which indicates that ∆𝑆̅° is effectively zero; this provides justification for fixing the b fit
parameter to zero. For these reasons, and to simplify ensuing discussions for application, we
decided to hold the b term at zero to produce the final fitting parameters (even though b is likely
not exactly zero).
4.3 Application of Ti-in-quartz solubility as a thermobarometer
When the solubility of Ti in quartz can be combined with an independent constraint on
either P or T, equations (4), (5), and (8) can be rearranged to estimate crystallization conditions.
Because there is no evidence to show that the α–β quartz transition significantly affects Ti
solubility in quartz, the volume expansion Ti-in-quartz solubility model (equation 8) that
accounts for both titania activity and temperature-pressure sensitivity is the preferred solubility
model that should be used for general thermobarometric application. The major advantage of
using equation (8) is that it does not require a priori knowledge for which quartz stability field a
rock crystallized. The rearrangements for equations (4) and (5) are still included below as they
provide a way for readers to directly compare the new equation (8) to the previous studies.
Furthermore, the separate α–β models and volume expansion model display differences at both
ends of quartz P–T stability (e.g., P < 5 kbar and P >25 kbar) and using the different models to
compare estimates at low- or high-pressure conditions would be useful.
Given a Ti-in-quartz concentration, a known P, and fit parameters [A] listed in Table 3,
the crystallization temperature can be estimated by rearranging the β-quartz equation (4) to give
𝑇𝛽−𝑞𝑢𝑎𝑟𝑡𝑧 (℃) =

−𝑎+ −𝑐∙𝑃 (𝑘𝑏𝑎𝑟)
𝑞𝑢𝑎𝑟𝑡𝑧
𝑟𝑢𝑡𝑖𝑙𝑒
+𝑅∙𝑙𝑛𝑎𝑇𝑖𝑂
2
2

𝑏−𝑅∙𝑙𝑛𝑋𝑇𝑖𝑂

− 273.15

(9)

Pressure can be estimated using
𝑃𝛽−𝑞𝑢𝑎𝑟𝑡𝑧 (𝑘𝑏𝑎𝑟) =

𝑞𝑢𝑎𝑟𝑡𝑧
2

𝑟𝑢𝑡𝑖𝑙𝑒
−𝑎+𝑏∙𝑇(𝐾)+𝑅𝑇∙𝑙𝑛𝑎𝑇𝑖𝑂
−𝑅𝑇∙𝑙𝑛𝑋𝑇𝑖𝑂
2

−𝑐

56

(10)

Given a Ti-in-quartz concentration, a known P, and fit parameters [D] listed in Table 3, the
temperature can be estimated by rearranging the α-quartz equation (5) to give
𝑇𝛼−𝑞𝑢𝑎𝑟𝑡𝑧 (℃) =

−𝑎 + −𝑐∙𝑃 𝑑 (𝑘𝑏𝑎𝑟)
𝑞𝑢𝑎𝑟𝑡𝑧
𝑟𝑢𝑡𝑖𝑙𝑒
+𝑅∙𝑙𝑛𝑎𝑇𝑖𝑂
2
2

𝑏−𝑅∙𝑙𝑛𝑋𝑇𝑖𝑂

− 273.15

(11)

Pressure can be estimated using

𝑃𝛼−𝑞𝑢𝑎𝑟𝑡𝑧 (𝑘𝑏𝑎𝑟) = [

𝑞𝑢𝑎𝑟𝑡𝑧
2

𝑟𝑢𝑡𝑖𝑙𝑒
−𝑎+𝑏∙𝑇(𝐾)+𝑅𝑇∙𝑙𝑛𝑎𝑇𝑖𝑂
−𝑅𝑇∙𝑙𝑛𝑋𝑇𝑖𝑂
2

−𝑐

1
𝑑

( )

]

(12)

Given any Ti-in-quartz concentration, a known P, and fit parameters [O] listed in Table 3, the
temperature can be estimated by rearranging equation (8) to give
𝑇(℃) =

−𝑎+ 𝑃 ∙(−𝑐+[𝑑∙𝑃 (𝑘𝑏𝑎𝑟)])
𝑞𝑢𝑎𝑟𝑡𝑧
𝑟𝑢𝑡𝑖𝑙𝑒
+𝑅∙𝑙𝑛𝑎𝑇𝑖𝑂
2
2

𝑏−𝑅∙𝑙𝑛𝑋𝑇𝑖𝑂

− 273.15

(13)

Pressure can be estimated by using the second-degree polynomial equation below
𝑞𝑢𝑎𝑟𝑡𝑧
𝑑𝑃2 ∙ 𝑐𝑃 + 𝑎 − (𝑏𝑇) + 𝑅𝑇 𝑙𝑛𝑋𝑇𝑖𝑂
− 𝑅𝑇 𝑙𝑛𝑎𝑟𝑢𝑡𝑖𝑙𝑒
𝑇𝑖𝑂2 = 0
2

(14)

which is solved by using the quadratic formula

𝑃=

𝑞𝑢𝑎𝑟𝑡𝑧
−𝑅𝑇
2

−𝑐±√𝑐 2 −4∙𝑑∙[𝑎−(𝑏𝑇)+𝑅𝑇 𝑙𝑛𝑋𝑇𝑖𝑂

𝑟𝑢𝑡𝑖𝑙𝑒 ]
𝑙𝑛𝑎𝑇𝑖𝑂
2

(15)

2∙𝑑

Isopleths calculated with equation (15) have a parabolic form that opens to the left (towards the
P axis on a T-P (x-y) plot), which gives two pressures, but only the lower pressure is valid. As
shown on the P–T plot in Figure 8 for the 100 ppm Ti-in-quartz isopleth, the solid orange line
defines the (+) square root segment that contains the correct P−T conditions, and the dashed blue
line defines the (-) square root segment with the incorrect conditions. The 100 ppm Ti-in-quartz
isopleth parabola vertex (where the (+) square root switches to the (-) square root) occurs at ~30
kbar and 1000°C which is near the quartz−coesite boundary. All Ti-in-quartz isopleths calculated
with equation (15) have vertices that approximately coincide with the quartz−coesite boundary.
This suggests that this model could potentially also predict the location of the quartz–coesite
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boundary; however, the significance is not currently well understood and is the subject of
ongoing research.
The errors on fit parameters (Table 3) can be used to evaluate Ti-in-quartz solubility
model uncertainties. Uncertainties on calculated P−T values generally increase with increasing P
and T. Crystallization in a system with 𝑎 𝑇𝑖𝑂2 = 1 at 700°C in the α-quartz stability field (equation
5) and quartz with 100 ppm Ti gives a calculated pressure of 6.92+1.61
−0.93 kbar, or if crystallized at
6.92 kbar gives a calculated temperature of 700 ± 36°C. Crystallization in a system with 𝑎 𝑇𝑖𝑂2 =
0.3 at 700°C in the β-quartz stability field (equation 4) and quartz with 100 ppm Ti gives a
calculated pressure of 1.98+0.43
−0.39 kbar, or if crystallized at 1.98 kbar gives a calculated
temperature of 700±11°C. Using equation (8), crystallization in a system with 𝑎 𝑇𝑖𝑂2 = 1 at 700°C
and quartz with 100 ppm Ti gives a calculated pressure of 7.49+0.84
−0.71 kbar, or if crystallized at
7.49 kbar gives a calculated temperature of 700 ± 21°C. Crystallization in a system with 𝑎 𝑇𝑖𝑂2 =
0.3 at 700°C and quartz with 100 ppm Ti gives a calculated pressure of 3.06+0.45
−0.40 kbar, or if
crystallized at 3.06 kbar gives a calculated temperature of 700 ± 16°C. A 10% error on the d fit
parameter in equation (8) causes similar changes to calculated P−T conditions as noted in the
above examples.
Potential applications of Ti-in-quartz solubility as a thermobarometer are numerous
because quartz is common to most rocks in the continental crust. In rocks that co-crystallized
rutile along with quartz, 𝑎 𝑇𝑖𝑂2 will be fixed at unity, which greatly simplifies applications of Tiin-quartz solubility for thermobarometry. The solubility of Ti in quartz can be combined with
other univariant equilibria to obtain unique crystallization pressures and temperatures between
quartz and other phases in the sample (e.g., fluid inclusions). If the rock contains quartz along
with rutile, zircon, titanite, and/or garnet, the Ti-in-quartz solubility model can be combined with
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P−T dependencies of Zr-in-rutile solubility (Tomkins et al. 2007; Kohn 2020), Zr-in-titanite
solubility (Hayden et al. 2007), and/or the quartz-in-garnet elastic thermobarometer (Gonzalez et
al. 2019) to estimate pressure and temperature of crystallization. The Ti-in-quartz solubility
models are not a simple panacea for thermobarometry—one must demonstrate that quartz cocrystallized (or recrystallized) with the other relevant minerals to maintain chemical equilibrium
(or, in the case of elastic thermobarometry, mechanical equilibrium) and that mineral chemistries
were unaffected by post-crystallization processes (Cherniak et al. 2007; Nachlas et al. 2018;
Thomas and Nachlas 2020). Additional thermobarometric applications using Ti-in-quartz
solubility combined with other univariant equilibria are given in Thomas et al. (2012), and
Ackerson et al. (2018) describe applications combined with Ti diffusivities in quartz.
Our experiments involved crystallization of quartz, rutile, and zircon in the SiO2-TiO2ZrSiO4 field of the TiO2-ZrO2-SiO2 system. We have clear evidence for co-crystallization
because each of the minerals occurs as inclusions in one another (Fig. 4c), thus permitting an
exceptional opportunity to evaluate chemical equilibrium between multiple mineral systems.
This mineral assemblage is useful for demonstrating combined applications of the Ti-in-quartz
and Zr-in-rutile solubility models for thermobarometry by using the crossing points of Ti-inquartz and Zr-in-rutile isopleths to cross-check P−T conditions measured during our
experiments. Figure 9a shows Ti-in-quartz isopleths and Zr-in-rutile isopleths calculated using Ti
and Zr concentrations measured in quartz and rutile crystals (Tables 1 and 2), the Ti-in-quartz
calibrations in equations (4, 5 and 8), and the widely used Zr-in-rutile calibration (Tomkins et al.
2007). Supplement Figure S2 shows isopleths for all experiments listed in Table 2 and Zr-inrutile isopleths calculated using a more recent reformulation of Tomkins et al.’s original Zr-inrutile solubility model (Kohn 2020).
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Isopleths calculated using the Ti-in-quartz solubility models for α- and β-quartz
(equations 4, 5) and the expanded volume model (equation 8) cross the Zr-in-rutile isopleths at
similar P−T conditions (Fig. 9). Pressures and temperatures measured on the piston-cylinder
gauges and temperature controllers are similar to those calculated from isopleth intersections
(Fig. 9b−c; Table 2) with differences typically <1 kbar and <25°C, as would be expected from a
system in chemical equilibrium. Because the Ti-in-quartz and Zr-in-rutile isopleths have
moderately positive slopes in P–T space (Fig. 9a), the crossing points of isopleths are highly
sensitive monitors for the conditions of chemical equilibrium. Therefore, variations in
concentrations caused by chemical disequilibrium can produce large deviations from conditions
measured during experiments. Differences between measured and calculated P−T conditions
must result from combinations of experimental errors, analytical errors, and errors associated
with model fits to the experimental data. We suggest that these differences arise largely from
limited Zr-in-rutile experiments at pressures other than 10 kbar (i.e., the data of Watson et al.
(2006)).
The isopleth crossing points are especially sensitive to any errors at high pressure
conditions that produce relatively lower Ti-in-quartz concentrations. As noted in the preceding
section, isopleth curvature of the expanded volume Ti-in-quartz solubility model (equation 8)
near the quartz−coesite phase boundary crosses the Zr-in-rutile isopleth at P−T conditions that
are somewhat lower than measured (Fig. 9). Quartz and rutile crystallized in experiment QTiPH10 performed at 25 kbar and 900°C contain 45 ppm Ti (Table 1) and 1640 ppm Zr (Table 2),
respectively. The Ti-in-quartz solubility model for α-quartz (equation 5) passes directly through
the experimental conditions and crosses the Zr-in-rutile isopleth at 23.6 kbar and 884°C (Fig.
9a), which is 5.6% lower than measured experimental pressure and 1.8% lower than measured
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experimental temperature (Fig. 9b, c). The expanded volume Ti-in-quartz solubility model
(equation 8) and Zr-in-rutile isopleths envelop the experimental run conditions at 25 kbar and
900°C (Fig. 9a), but the model isopleth curvature causes it to cross at 21 kbar and 870°C (Fig.
9c), which is 16% lower than measured experimental pressure and 3.3% lower than measured
experimental temperature. If the quartz contained 41 ppm Ti, then the isopleth crossing point for
the α-quartz model (equation 5) would be at 897°C and 25.9 kbar, and for the expanded volume
model the Zr-in-rutile isopleth would cross the Ti-in-quartz isopleth at two points with a lower
intercept at 24.1 kbar and 887°C and an upper intercept of 27.3 and 905°C (Fig. 9a). Myriad
potential experimental, analytical, and model inaccuracies could produce this ~4 ppm Ti
discrepancy. If the quartz contained 40 ppm Ti, the expanded volume model Ti-in-quartz
isopleth would not cross the Zr-in-rutile isopleth. Given the sensitivity of the crossing isopleths,
it is notable that model results agree at the <5 ppm Ti-in-quartz level.
The overall good agreement between calculated and measured experimental P−T
conditions shown in Figure 9 demonstrates that (1) quartz and rutile co-crystallized in chemical
equilibrium, (2) synthesized quartz contains the equilibrium solubility concentration of Ti in
quartz, (3) solubility models described by our equations (4, 5, & 8) reliably describe the
solubility of Ti in quartz across the quartz stability fields, and (4) existing Zr-in-rutile
calibrations (Tomkins et al. 2007; Kohn 2020) are reasonably accurate. It is important to point
out that the widely used Zr in rutile thermobarometer is based upon independent studies by two
laboratories using different experimental and analytical techniques. Watson et al. (2006) and
Ferry and Watson (2007) grew rutile and zircon from various fluids and melts at 675-1450°C and
performed Zr analyses with EPMA-WDS; Tomkins et al. (2007) crystallized rutile with zircon
and quartz in the solid state at 1000-1500°C and performed Zr analyses with SEM-EDS.
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Recently, Kohn’s (2020) “combined” Zr-in-rutile solubility model considers experimental data
from Tomkins et al. (2007) in addition to data on natural rutile from several geologic
environments. Applying our Ti-in-quartz calibrations with the independently constrained Zr-inrutile calibrations (Tomkins et al. 2007; Kohn 2020) to individual experiments predicts
experimental run conditions with reasonable accuracy (Fig. 9) and provides confirmation that
quartz, rutile, and zircon attained chemical equilibrium in capsules during experiments.
The transitive property (zeroth law of thermodynamics) dictates that if quartz and zircon
co-crystallized in chemical equilibrium, and rutile and zircon co-crystallized in chemical
equilibrium, then quartz and rutile must also be in chemical equilibrium. The concentrations of
Zr in quartz are at or below detection limits of attempted EPMA and secondary ion mass
spectrometry measurements, but the common occurrences of rutile and zircon inclusions in
quartz provides strong first-order evidence for equilibrium co-crystallization. The Zr content of
rutile crystals from our experiments and the Zr-in-rutile solubility models produce univariant
lines in P−T space that pass through regions near the experimental conditions, demonstrating
chemical equilibrium between rutile and zircon. The Ti-in-quartz isopleths cross the Zr-in-rutile
isopleths very close to the experimental conditions (Fig. 9a). The mutual occurrences of quartz,
rutile, and zircon as inclusions in one another (Fig. 4c) shows that the three minerals cocrystallized and crossing points of Ti-in-quartz and Zr-in-quartz isopleths are indistinguishable
from experimental conditions measured on piston-cylinder devices (Fig. 9b−c). Collectively,
these results provide good evidence for physical and chemical equilibrium between quartz, rutile,
and zircon in the TiO2-ZrSiO4-SiO2 subsystem.
Numerous other phase relations including melt-solid equilibria (e.g., granite solidus),
fluid phase equilibria (e.g., fluid inclusions), and other metamorphic phase equilibria (Spear
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1995) can be used in conjunction with Ti-in-quartz solubility to constrain quartz crystallization
conditions, which may be especially useful in applications to rutile-free systems. There are
numerous approaches for estimating 𝑎 𝑇𝑖𝑂2 in rutile-free rocks. For applications to felsic igneous
rocks, the MELTS family of programs can be used to precisely calculate 𝑎 𝑇𝑖𝑂2 for a given bulk
composition (Gualda et al. 2012; Ghiorso and Gualda 2012). Titania activities can also be
calculated using Ti solubility models for melts and quartz/melt partition coefficients (Kularatne
and Audétat 2014; Zhang et al. 2020; Ackerson and Mysen 2020), but such models require
accurate determinations of Ti-in-quartz solubility, which, as discussed below, has proven
challenging. Because Ti4+ in melts can exist in numerous coordination states (Farges et al. 1996a,
b, 1997; Farges 1997), rutile-saturation approaches may be prone to significant 𝑎 𝑇𝑖𝑂2
overestimations (Ackerson and Mysen 2020) and inaccurate P−T estimates from Ti-in-quartz
solubility models.
4.4 Comparison of published Ti-in-quartz experiments and solubility models
Numerous applications of the Thomas et al. (2010) Ti-in-quartz solubility model to rocks
crystallized at pressures lower than ~15-20 kbar gave results consistent with P–T estimates using
other approaches (Thomas and Watson 2012; Ackerson et al. 2018; Tual et al. 2018; Glazner
2019; Gonzalez et al. 2019; Glazner et al. 2020). However, applications of our 2010 Ti-in-quartz
solubility model to rutile-free granitic composition rocks crystallized at low pressures (e.g., highsilica rhyolites) have yielded P–T estimates that were lower than the widely accepted granite
water-saturated solidus (Tuttle and Bowen 1958) in part because those applications used
𝑎 𝑇𝑖𝑂2 values that were demonstrably too high (Thomas and Watson 2012). The controversially
low temperature estimates for rutile-free rocks prompted several attempts to develop alternative
Ti-in-quartz solubility models (and diffusivities) specifically for applications to granitic
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composition rocks that crystallized at low pressures (Huang and Audétat 2012; Zhang et al.
2020; Acosta et al. 2020; Jollands et al. 2020).
The approaches to determine the equilibrium solubility of Ti in quartz can be generalized
into two types of experiments. One type of experiment involves nucleation and growth of quartz
crystals and rutile from various growth media (Ostapenko et al. 1987, 2007; Wark and Watson
2006; Thomas et al. 2010; Zhang et al. 2020). The other type of experiment involves dissolving
relatively large Ti-free quartz cores in one region of the capsule and precipitating new quartz
along with rutile in another region of the capsule (Huang and Audétat 2012; Acosta et al. 2020).
4.5 Evaluation of experiments that involved Ti-free quartz cores
All experiments that used Ti-free quartz cores produced quartz crystals with highly
variable concentrations of titanium at any given P–T condition due to chemical disequilibrium
[see discussion in Thomas et al. (2015)]. Huang and Audétat (2012) placed Ti-free quartz cores
into capsules that contained TiO2 (anatase) and water ( NaCl) and relied on thermal gradients to
dissolve Ti-free quartz cores at hotter ends of capsules and precipitate Ti-rich quartz overgrowths
at cooler ends of capsules. Acosta et al. (2020) used a similar approach for most of their
experiments, placing Ti-free quartz cores in a separate internal capsule. Both approaches using
Ti-free quartz cores caused partial dissolution of an essentially infinite reservoir of Ti-free quartz
starting material and precipitation of relatively small volumes of new Ti-rich quartz in other parts
of the capsules (e.g., at the colder ends of the cores). This design ensured that Ti-enriched quartz
always coexisted in the capsules with Ti-free quartz starting material. The highly variable
titanium concentrations of quartz run products from experiments that used Ti-free quartz cores
demonstrates maintenance of large chemical gradients in those experiments. Like variations
observed in similar types of experiments by Huang and Audétat (2012), Ti concentrations of
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quartz crystals grown in the experiments of Acosta et al. (2020) typically varied by
approximately > 100% relative, but some runs exhibited variations > 3000% (see Fig. 4 of
Acosta et al. 2020). The widely ranging Ti-in-quartz concentrations from these types of
experiments clearly demonstrate that equilibrium solubilities of Ti in quartz cannot be obtained
from such experiments.
4.6 Evaluation of experiments that nucleated and grew quartz from TiO2-saturated media
Determining the equilibrium solubility of Ti in quartz requires that quartz and rutile cocrystallize in chemical equilibrium. Experiments in which quartz and rutile co-crystallize from
TiO2-saturated growth media can potentially produce quartz with the equilibrium solubility Ti
concentration. In most of our experiments, we co-crystallized quartz and rutile directly from
hydrothermal fluids because the rapid transport characteristics of such systems are most likely to
maintain chemical equilibrium between growing quartz and rutile crystals throughout the
experimental capsule. Use of anatase as a TiO2 source has no bearing on experimental outcomes
because (as described in the Methods section) the mineral undergoes a reconstructive phase
transformation at all experimental run conditions within the first few minutes of an experiment
(less than three minutes, as indicated by our time-series results), thus ensuring growth media are
rutile-saturated (i.e., 𝑎 𝑇𝑖𝑂2 = 1) throughout quartz and zircon nucleation and growth.
The use of various Ti-bearing sources and growth media allows us to evaluate potential
effects of starting materials on the approach to chemical equilibrium between quartz and rutile.
Zhang et al. (2020) implied that crystallization using Ti-enriched melt starting materials, as
opposed to other growth media, may uniquely provide equilibrium concentrations of Ti in quartz.
Experiments by the RPI and SU experimental groups crystallized quartz, rutile, and zircon from
multiple geologically relevant starting materials using several TiO2 sources (see methods), which
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all gave similar results (Fig. 10). For example, experiments conducted at 10 kbar and 700°C
using the Ti-enriched obsidian with high-silica rhyolite composition, HF-fluids, H2O fluids, and
anatase starting materials all produced quartz with ~60 ppm Ti (Table 1). Our Ti-in-quartz
solubility model for quartz crystallized in the α-quartz stability field (equation 5) predicts quartz
grown at 10 kbar and 700C should have 53 ppm Ti, and the volume expansion model predicts
55 ppm Ti in quartz. In experiments conducted at 10 kbar and 900C: using Ti-enriched silica gel
(447 ppm Ti) the quartz has 297 ppm Ti; using Ti-enriched silica gel (2305 ppm Ti) the quartz
has 347 ppm Ti; using anatase the quartz has 330 Ti. In experiments conducted at 10 kbar and
925C: using anatase the quartz has 376 ppm Ti; using rutile the quartz has 353 ppm Ti (Table
1). Our linear Ti-in-quartz solubility model for quartz crystallized in the β-quartz stability field
predicts quartz grown at 900C and 10 kbar should have 313 ppm Ti, and quartz grown at 925C
and 10 kbar should have 369 ppm Ti; the volume expansion model predicts that quartz should
have 291 ppm and 344 ppm Ti in quartz for the respective conditions. Quartz grown from Nasilicate melt in the β-quartz field at 1000°C contains 526 ppm Ti; our linear model for -quartz
model predicts it should have 580 ppm Ti and the volume expansion model predicts 548 ppm Ti
in quartz. Titanium concentrations of quartz crystals in our experiments closely bracket the
model results (Fig. 10) and are typically within 10% of model values.
A series of recrystallization experiments was also conducted to explore solid state reequilibration of quartz Ti contents (Thomas and Nachlas 2020). Quartz synthesized at 10 kbar
and 925°C contained 350–392 ppm Ti and was subsequently run in separate experiments at
925°C and 10, 15, 20, and 25 kbar to recrystallize quartz under conditions of reduced Ti
solubility. In experiments that were recrystallized at the same P–T condition of synthesis, no new
rutile formed. However, when quartz recrystallized at higher-pressure conditions where it
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contained excess Ti, abundant rutile needles developed during recrystallization via discontinuous
precipitation. In these experiments, solid-state grain-boundary migration enabled quartz to rid
itself of excess Ti to achieve the equilibrium solubility concentration of Ti for the imposed
experimental conditions of recrystallization. The most important details of these experiments
described in Thomas et al. (2015) and Thomas and Nachlas (2020) are: (1) the quartz
recrystallized at the synthesis condition (i.e., 10 kbar and 925°C) did not adjust its Ti
concentration because it contained the equilibrium solubility concentration of Ti in quartz. If the
quartz contained a disequilibrium concentration of Ti as implied by Huang and Audétat (2012)
and Acosta et al. (2020), then it would have become rutilated in the higher temperature runs. (2)
recrystallization along the 925°C isotherm at higher pressures in the α-quartz stability field
produced new quartz containing abundant rutile needles and the predicted equilibrium
concentrations of Ti in quartz (Thomas et al. 2015; Thomas and Nachlas 2020).
4.7 Evaluation of Zhang et al. (2020) Ti-in-quartz solubility model
Zhang et al. (2020) crystallized Ti-rich quartz in the -quartz stability field from four
silicate melts with haplogranitic compositions that contained 3.26, 1.01, 0.52 and 0.26 wt% TiO2.
Their two melt compositions with higher TiO2 produced quartz they described as having “fake
high” Ti concentrations interpreted to have been affected by secondary fluorescence, even
though numerous quartz crystals in their Supplementary Figure 1b appear to be inclusion-free
and suitable for EPMA. Zhang et al. considered results from only the two lower TiO2 melt
compositions that are analogous to melt compositions used in experiments 77m and 79m (Fig.
10; Table 1; Wark and Watson 2006). All experiments (n = 17) used to calibrate the Zhang et al.
(2020) solubility model were performed in the β-quartz stability field, but they presented a Ti-inquartz solubility model essentially identical to equation (5) for Ti-bearing α-quartz that has a
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pressure term with an exponent to account for nonlinearity of P−V properties. Unlike our fitting
approaches in which we permitted all adjustable parameters to vary freely, Zhang et al. (2020)
fixed the exponent on the pressure term to a value of 0.20 because that number is the inverse of
the first derivative of the bulk modulus of quartz (i.e., K’=5.07) (Angel et al. 2017a). We
emphasize that the cited K’ value is for α-quartz, and all quartz in their experiments crystallized
in the β-quartz stability field, thus, there is no physical basis to use the α-quartz K’ in their
model. Importantly, a Levenberg-Marquardt least-squares fit to their data that permitted the
exponent on the pressure term to vary freely yielded a value of 0.01 instead of 0.20. Therefore,
there is no justification for the fixed exponent on the pressure term in the Zhang et al. (2020)
solubility model.
The Ti concentrations of quartz in Zhang et al.’s (2020) experiments are significantly
lower than those obtained from our Ti-in-quartz solubility models (equations 4 and 8) (Fig. 10).
The largest dimensions of their quartz crystals were less than ~10−15 µm, and rutile crystals
(typically less than ~1 µm) did not occur as inclusions in quartz crystals used for calibrating their
solubility model. Figure 10 shows that quartz crystals from the Zhang et al. 4 kbar experiments
are similar to our 8 and 10 kbar data. The most likely explanation for significantly lower Ti in
quartz in Zhang et al.’s (2020) experiments is that rutile was not in chemical equilibrium with
quartz (i.e., their quartz grew at sub-unity 𝑎 𝑇𝑖𝑂2 ). Additionally, their experimental results suggest
non-systematic rutile saturation. Data for the melt composition with 0.26 wt% TiO2 along their
800C isotherm display a “hump” shaped trend in titania activities with increasing pressure;
𝑎 𝑇𝑖𝑂2 = 0.79 at 0.5 kbar, 𝑎 𝑇𝑖𝑂2 = 0.76 at 1 kbar, 𝑎 𝑇𝑖𝑂2 = 1 at 2 kbar, 𝑎 𝑇𝑖𝑂2 = 1 at 3 kbar and 𝑎 𝑇𝑖𝑂2 =
0.87 at 4 kbar. Given the small size of rutile crystals, it is plausible that rutile formed as quench
products precipitated during termination of experiments used for their Ti-in-quartz solubility
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model, or that rutile simply was not in chemical equilibrium with quartz. Because the Zhang et
al. 𝑎 𝑇𝑖𝑂2 model was developed using quartz that plausibly crystallized at sub-unity 𝑎 𝑇𝑖𝑂2 , circular
reasoning dictates that back-calculated P–T conditions match their experimental conditions.
Zhang et al. (2020) provided no independent constraints that quartz and rutile crystallized in
chemical equilibrium but did argue that their experiments may have been closer to equilibrium
conditions because their experimental starting glasses already contained Ti; they further
suggested that the medium from which quartz crystallizes does not need to be equilibrated with
rutile via dissolution of this phase or via reaction of oxides in the first stage of the experiments.
We reemphasize that to obtain equilibrium solubility concentrations of Ti in quartz, each
experiment—including those conducted by the RPI/SU experimental groups and those of Zhang
et al. (2020)—using melts, hydrothermal fluids, and solid-state media, all require fundamentally
identical processes of mineral nucleation and co-crystallization of rutile and quartz to maintain
chemical equilibrium. Considering that rutile nucleates within three minutes of reaching run
conditions in our experiments, and because diffusion rates are universally higher in hydrothermal
fluids than melts, attainment of chemical equilibrium is most probable in hydrothermal
crystallization experiments.
Use of the Ti-in-quartz and Zr-in-rutile crossing isopleth method for shown in Figure 9 to
validate experimental and model results is highly sensitive to potential experimental, analytical,
or solubility model inaccuracies (e.g., non-equilibrium concentrations of Ti measured in quartz,
inaccurate P–T measurements, analytical problems, modeling, etc.). The Zr-in-rutile isopleths
(Tomkins et al. 2007) and Ti-in-quartz isopleths calculated from the Ti-in-quartz calibration of
Zhang et al. (2020) either do not intersect at all, or intersect at P–T conditions significantly
different from measured conditions. For example, the Ti-in-quartz and Zr-in-rutile isopleths
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calculated for our 5 kbar and 900°C run intersect at ~5 kbar and ~915°C (Fig. 9). Using Zhang et
al.’s Ti-in-quartz calibration the isopleths cross at ~0.4 kbar and ~870°C (Fig. 9a). The Ti-inquartz and Zr-in-rutile isopleths calculated for our 25 kbar and 900°C run intersect at ~23.6 kbar
and ~883°C but using Zhang et al.’s calibration the isopleths do not intersect (Fig. 9). The large
discrepancies between our measured experimental P–T conditions and those obtained using the
Zhang et al. calibration demonstrates that complete equilibrium between quartz and rutile in their
experiments was not achieved.
The Ti in quartz concentrations predicted using our equations (4), (5), and (8) are
significantly higher than those measured by Huang and Audétat (2012) and Zhang et al. (2020).
Huang and Audétat (2012) argued that growth entrapment mechanisms (Watson 1996, 2004;
Lanzillo et al. 2014) caused disequilibrium Ti uptake in quartz crystals of the experiments of
Wark and Watson (2006) and Thomas et al. (2010). However, Lanzillo et al. (2014) showed that
in the worst case scenario, growth entrapment could cause deviations of ~10% from the
equilibrium concentration of Ti in quartz. Furthermore, at P−T conditions higher than performed
in the other studies, the Zhang et al (2020) model crosses our Ti-in-quartz solubility models and
predicts significantly higher concentrations of Ti in quartz. For the 100 ppm Ti isopleth, the
Zhang et al. (2020) model and our models cross at ~12 kbar and 800°C (Fig. 8; Table 4). At
higher P−T conditions for which we have extensive data, Zhang et al.’s model increasingly
overestimates crystallization conditions with increasing P and T (Fig. 8). It is inconceivable that
unidentified disequilibrium processes could conspire in such a way that would produce observed
systematic variations in Ti-in-quartz concentrations while also giving thermobarometric results
in close agreement with the Zr-in-rutile calibrations throughout the quartz stability fields. Given
the admitted chemical disequilibrium exhibited in experiments that used Ti-free cores (Acosta et
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al. 2020) and sporadic occurrences of rutile inclusions in quartz from Huang and Audétat (2012)
and Zhang et al. (2020), the lower Ti concentrations in quartz observed in other studies most
likely occurred because their quartz and rutile did not crystallize in chemical equilibrium.
4.8 Quartz crystallization in a Ti-bearing rutile-free system
We crystallized quartz, titanite, and wollastonite in two experiments (Table 5) to evaluate
incorporation of Ti in quartz crystallized at conditions with 𝑎 𝑇𝑖𝑂2 < 1 (Osborne 2021). These
new phases can be related to each other via the reaction
𝐶𝑎𝑇𝑖𝑆𝑖𝑂5 (𝑡𝑖𝑡𝑎𝑛𝑖𝑡𝑒) ⇌ 𝐶𝑎𝑆𝑖𝑂3 (𝑤𝑜𝑙𝑙𝑎𝑠𝑡𝑜𝑛𝑖𝑡𝑒) + 𝑇𝑖𝑂2 (𝑟𝑢𝑡𝑖𝑙𝑒)

(16)

and the thermodynamic relationship
∆𝜇̅ °𝑟𝑥𝑛 + 𝑅𝑇𝑙𝑛𝐾𝑒𝑞 = ∆𝜇̅ °𝑟𝑥𝑛 + 𝑅𝑇𝑙𝑛𝑎 𝑇𝑖𝑂2 = 0

(17)

where 𝑎 𝑇𝑖𝑂2 is the activity of the system component TiO2 relative to pure rutile (referenced to
standard state at 1 bar and 25°C). The free energy change of the reaction can be calculated using
thermodynamic data (Berman 1988; Holland and Powell 2011) and associated equations of state
of each phase; this can also be done integrating heat capacity (Spear and Pyle 2010) and volume
terms (Berman 1988) from standard state (i.e., 1 bar and 25°C) to T and P of experiments. Using
the Ti concentrations measured in quartz crystallized from the sub-unity 𝑎 𝑇𝑖𝑂2 experiments in the
α- and β-quartz fields, and associated fit parameters (Table 3), equations (4), (5), and (8) predict
activities that are essentially identical to those calculated using the mineral reaction (Table 5).
The remarkable agreement between titania activities provides validation of our solubility models
(Table 3) and further demonstrates that quartz in our experiments was in chemical equilibrium
with the co-crystallizing Ti-bearing minerals.
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5 Conclusions
Our experimental calibrations of Ti-in-quartz solubility are systematic from 2 to 30 kbar
and 550 to 1050°C spanning most of the (α and β) quartz stability field, Ti in quartz data has
been reproduced by multiple experiments at the same P–T conditions, and our solubility models
(linear, exponent, and volume expansion) are verifiable with other chemical equilibria from
independent thermobarometric solubility models. We grew quartz from various geologically
relevant media including hydrothermal solutions, melts, and by solid-state recrystallization using
five different TiO2 starting materials which, in accordance with basic thermodynamic principles,
all gave the essentially identical results. Also, quartz crystallized at sub-unity titania activities
contained Ti concentrations in excellent agreement to those predicted using mineral reactions
and published thermodynamic parameters (Berman 1988; Holland and Powell 2011). We have
observed that there is no significant change in Ti solubility across the α–β quartz boundary;
however, resultant fitting parameters obtained using separate α- and β-quartz data sets (Table 3)
show that Ti-in-quartz data at lower pressures (P<15 kbar) varies linearly in P–T space and then
Ti solubility behavior changes to non-linear as experiment pressure increases (P>15 kbar,
practically all α-quartz data). Additionally, different fitting approaches have shown that because
the b term is small and within error of zero when allowed to vary, it has little effect on the fit
results even considering maximum and minimum errors; Figure 5b−d demonstrated that there is
𝑞𝑢𝑎𝑟𝑡𝑧
no significant variation of 𝑅𝑇 𝑙𝑛𝑋𝑇𝑖𝑂
with T along each isobar, indicating that ∆𝑆̅° is
2

effectively zero (∴ b =0). Regular access to an electron microprobe allowed an average of ~1
day for analyzing dozens of crystals from each experiment; the reproducibility of our calibrations
is demonstrated by repeat experiments at the same condition as well as uniform compositions
among inter- and intra-grain samples of experimental crystals from large EPMA datasets. Our
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time-series experiments and the occurrence of quartz crystals with rutile inclusions in our run
products demonstrate quartz and rutile co-crystallization and we further demonstrate attainment
of chemical equilibrium between quartz, rutile, and zircon by considering the Zr concentrations
of rutile in our experiments. Using the independently constrained Zr-in-rutile solubility models
in conjunction with our Ti-in-quartz solubility models returns P−T estimates very close to
conditions measured in our experiments across a range of pressures in the α- and β-quartz
stability fields.
We recognize that some applications of our Ti-in-quartz solubility model to rutile-free
igneous rocks may return P−T estimates below the widely accepted granitic composition watersaturated solidus (Tuttle and Bowen 1958). In rutile-free rocks it is challenging to accurately
constrain 𝑎 𝑇𝑖𝑂2 values and there are typically few univariant equilibria that can be used to crosscheck thermobarometric results. However, when reasonable input values for 𝑎 𝑇𝑖𝑂2 are used,
thermobarometric estimates obtained from our Ti-in-quartz calibrations are well aligned with
other phase equilibria (e.g., melt inclusion volatile saturation pressures), and there is close
agreement with estimates based on diffusion of Ti in quartz (Ackerson et al. 2018). Nevertheless,
to substantiate preconceived higher-temperature estimates, others benchmarked their P−T
estimates from our Ti-in-quartz solubility model against an uncertain solidus, chosen in
preference to well-vetted, reproducible Ti-in-quartz solubility data. Compared to modern
standards, the experimental and analytical capabilities available to Tuttle and Bowen (1958)
required the use of rudimentary approaches (e.g., capsules open to the water pressurizing media)
on haplogranitic compositions quite dissimilar to natural granites and rhyolites. Importantly, the
primary objective of Tuttle and Bowen’s (1958) monograph was to provide a unifying phaseequilibrium framework to describe how equilibria among minerals and silicate melts could
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produce the diverse compositions of granites found in various geologic environments, not to
absolutely define the lowest possible magmatic temperatures. Given reasonable constraints on
𝑎 𝑇𝑖𝑂2 and accurate independent pressure constraints, we consider lower temperature estimates for
some quartz crystallized in granitic-composition rocks obtained using our Ti-in-quartz solubility
models to accurately reflect quartz crystallization at true near-solidus conditions.

Appendix
The equation to convert Ti (ppm) to mole fraction TiO2 in quartz (𝑿𝒒𝒖𝒂𝒓𝒕𝒛
𝑻𝒊𝑶𝟐 ) is:
𝒒𝒖𝒂𝒓𝒕𝒛
𝑿𝑻𝒊𝑶𝟐

=

𝑻𝒊 (𝒑𝒑𝒎)
𝟏𝑬𝟒×𝟎.𝟓𝟗𝟗×𝟕𝟗.𝟖𝟕
𝑻𝒊(𝒑𝒑𝒎)
𝑻𝒊(𝒑𝒑𝒎)
𝟏
+[(𝟏𝟎𝟎−
)×
]
𝟏𝑬𝟒×𝟎.𝟓𝟗𝟗×𝟕𝟗.𝟖𝟕
𝟏𝑬𝟒×𝟎.𝟓𝟗𝟗×𝟕𝟗.𝟖𝟕 𝟔𝟎.𝟎𝟗

The equation to convert Zr (ppm) to mole fraction ZrO2 in rutile (𝑿𝒓𝒖𝒕𝒊𝒍𝒆
𝒁𝒓𝑶𝟐 ) is:
𝑿𝒓𝒖𝒕𝒊𝒍𝒆
𝒁𝒓𝑶𝟐

=

𝑻𝒊 (𝒑𝒑𝒎)
𝟏𝑬𝟒×𝟎.𝟕𝟒×𝟏𝟐𝟑.𝟐𝟐
𝑻𝒊(𝒑𝒑𝒎)
𝑻𝒊(𝒑𝒑𝒎)
𝟏
+[(𝟏𝟎𝟎−
)×
]
𝟏𝑬𝟒×𝟎.𝟕𝟒×𝟏𝟐𝟑.𝟐𝟐
𝟏𝑬𝟒×𝟎.𝟕𝟒×𝟏𝟐𝟑.𝟐𝟐 𝟕𝟗.𝟖𝟕
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Table 1. Experimental run conditions, Ti-in-quartz concentrations, measurement statistics, quartz stability
field, and TiO2-enriched starting material

number of
stability
lnX quartz TiO2a measurements
field
– 10.82 (0.02)
146
alpha
– 10.09 (0.01)
81
alpha
– 9.55 (0.01)
98
alpha

TiO2-bearing
starting material
1
1
1

Run #
QTiP-H33
QTiP-H1
QTiP-H4

T [°C]
850
900
950

P [kbar]
30
30
30

Ti [ppm]a
16 (<1)
33 (<1)
57 (<1)

QTiP-H2
QTiP-H3
QTiP-H7
QTiP-H8
QTiP-H5
QTiP-H9

1000
1050
700
750
800
850

30
30
25
25
25
25

85 (<1)
105 (<1)
8 (<1)
12 (<1)
22 (<1)
30 (<1)

– 9.15 (0.01)
– 8.94 (0.01)
– 11.57 (0.03)
– 11.10 (0.02)
– 10.52 (0.03)
– 10.19 (0.01)

103
80
114
153
107
169

alpha
alpha
alpha
alpha
alpha
alpha

QTiP-H10
QTiP-H14
QTiP-H15
QTiP-H31
QTiP-H30

900
950
1000
700
750

25
25
25
20
20

45 (<1)
70 (<1)
112 (1)
11 (<1)
17 (<1)

– 9.79 (0.01)
– 9.34 (0.01)
– 8.87 (0.01)
– 11.24 (0.03)
– 10.74 (0.02)

137
151
100
141
110

alpha
alpha
alpha
alpha
alpha

QTiP-H6
QTiP-H18
QTiP-H19
QTiP-14
SAT-31
SAT-27

800
850
900
940
700
700

20
20
20
20
15
15

30 (<1)
37 (<1)
62 (<1)
100 (<1)
21 (2)
23 (3)

– 10.20 (0.10)
– 10.00 (0.01)
– 9.47 (0.01)
– 8.98 (n.r.)
– 10.78 (0.16)
– 10.75 (0.12)

119
148
152
396
27
40

alpha
alpha
alpha
alpha
alpha
alpha

QTiP-7
SAT-04
QTiP-25
QTiP-12
QTiP-4

700
700
750
775
800

15
15
15
15
15

18 (<1)
24 (3)
28 (1)
40 (2)
38 (6)

– 10.70 (n.r.)
– 10.74 (0.15)
– 10.26 (n.r.)
– 9.90 (n.r.)
– 9.95 (n.r.)

418
39
27
15
17

alpha
alpha
alpha
alpha
alpha

SAT-03
SAT-02
SAT-81
QTiP-26
SAT-72
QTiP-11
QTiP-6

800
800
820
825
850
875
900

15
15
15
15
15
15
15

49 (1)
49 (2)
58 (2)
56 (2)
79 (1)
96 (5)
103 (5)

– 9.73 (0.02)
– 9.73 (0.04)
– 9.63 (0.04)
– 9.56 (n.r.)
– 9.22 (0.01)
– 9.02 (n.r.)
– 8.95 (n.r.)

171
54
159
27
82
19
12

alpha
alpha
alpha
alpha
alpha
alpha
alpha

1

SAT-94
SAT-55
QTiP-10
QTiP-H57

900
900
940
960

15
15
15
15

114 (1)
137 (1)
167 (5)
252 (3)

– 8.86 (0.01)
– 8.67 (0.01)
– 8.47 (n.r.)
– 8.06 (0.01)

213
127
24
38

alpha
alpha
alpha
beta

1
1
1
1

75

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

SAT-19
SAT-61
SAT-07
SAT-17
SAT-25
QTiP-H22
SAT-68
SAT-09
QTiP-H23
16
SAT-54
SAT-57
9
79M
79a
SAT-26
SAT-14
SAT-20
SAT-82
6
87
SAT-28
50
3
SAT-73
69
83
QRM-8
QTiP-19
SAT-15
SAT-78
QRM-7
SAT-67
QTiP-43
QTiP-44A
QTiP-47
QTiPR-2
68
77a
77m
SAT-87
QTiP-H64
SAT-85

700
700
800
800
800
850
900
900
925
600
600
625
650
700
700
700
700
700
720
750
800
800
850
850
850
875
900
900
900
900
900
900
925
925
925
925
925
950
1000
1000
650
725
800

12
12
12
12
12
12
12
12
12
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
8
8
8

33 (1)
37 (1)
72 (3)
87 (1)
90 (1)
95 (1)
184 (2)
223 (4)
209 (1)
22 (1)
24 (1)
25 (1)
31 (4)
60 (3)
69 (2)
51 (1)
53 (5)
60 (8)
89 (2)
103 (6)
140 (3)
118 (1)
250 (7)
230 (5)
255 (6)
265 (10)
327 (3)
297 (1)
307 (2)
330 (11)
335 (3)
347 (3)
345 (7)
392 (1)
411 (5)
355 (2)
346 (1)
413 (15)
522 (5)
526 (4)
61 (4)
114 (1)
208 (9)

– 10.12 (0.02)
– 10.05 (0.03)
– 9.34 (0.04)
– 9.12 (0.01)
– 9.11 (0.02)
– 9.04 (0.01)
– 8.37 (0.01)
– 8.19 (0.02)
– 8.25 (0.01)
– 10.50 (n.r.)
– 10.46 (0.04)
– 10.43 (0.08)
– 10.15 (n.r.)
– 9.49 (n.r.)
– 9.35 (n.r.)
– 9.68 (0.02)
– 9.75 (0.09)
– 9.55 (0.13)
– 9.13 (0.02)
– 8.95 (n.r.)
– 8.65 (n.r.)
– 8.82 (0.01)
– 8.07 (n.r.)
– 8.15 (n.r.)
– 8.08 (0.03)
– 8.01 (n.r.)
– 7.80 (n.r.)
– 7.90 (n.r.)
– 7.86 (n.r.)
– 7.82 (0.04)
– 7.78 (0.01)
– 7.74 (n.r.)
– 7.75 (0.02)
– 7.62 (n.r.)
– 7.57 (n.r.)
– 7.72 (n.r.)
– 7.74 (n.r.)
– 7.56 (n.r.)
– 7.33 (n.r.)
– 7.32 (n.r.)
– 9.63 (0.08)
– 8.85 (0.01)
– 8.31 (0.04)
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118
212
41
88
161
73
36
112
97
n.r.
44
30
n.r.
n.r.
n.r.
186
34
6
129
n.r.
n.r.
66
n.r.
n.r.
113
n.r.
n.r.
95
14
47
185
216
68
73
79
67
122
n.r.
n.r.
n.r.
58
112
68

alpha
alpha
alpha
alpha
alpha
alpha
beta
beta
beta
alpha
alpha
alpha
alpha
alpha
alpha
alpha
alpha
alpha
alpha
alpha
alpha
alpha
beta
beta
beta
beta
beta
beta
beta
beta
beta
beta
beta
beta
beta
beta
beta
beta
beta
beta
alpha
alpha
beta

1
1
1
1
1
1
1
1
1
1
1
1
1
3
1
1
1
1
1
1
4
1
4
1
1
1
1
5
1
1
1
6
1
1
1
1
7
1
1
8
1
1
1

SAT-84
QTiP-H25
SAT-88
QTiP-41
QTiP-38
QTiP-39
Ost5
Ost6
Ost7
Ost8

800
850
900
725
800
900
550
750
900
1000

8
8
8
5
5
5
2
2
2
2

212 (1)
317 (2)
445 (6)
274 (3)
380 (2)
813 (5)
151
527
1051
1971

– 8.23 (0.01)
– 7.83 (0.01)
– 7.49 (0.01)
–7.97 (n.r.)
–7.65 (n.r.)
–6.89 (n.r.)
– 8.57
– 7.32
– 6.63
– 6.00

163
122
62
14
199
12
n.r.
n.r.
n.r.
n.r.

beta
beta
beta
beta
beta
beta
alpha
beta
beta
beta

Notes:
1-anatase (Alfa Aesar)
2-rutile (Graves Mtn., Georgia, USA)
3-Ti-enriched (4.5 wt%) obsidian (Lake Co., Oregon, USA)
4-anatase and 1M HF
5-Ti-enriched SiO2 gel (416 ppm Ti)
6-Ti-enriched SiO2 gel (2305 ppm Ti)
7-rutile (Alfa Aesar)
8-Ti-enriched (4.5 wt%) Na-silicate melt
n.r. = not reported
a
Values in parentheses are one standard error from the mean. Each Ti concentration and lnX
quartz TiO2 value is the data set average. Decimal places included are for fitting purposes
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1
1
1
1
1
1
n.r.
n.r.
n.r.
n.r.

Table 2. Experimental run conditions and resultant Zr concentrations in rutile
1
measured
T (°C)

measured
P (kbar)

stability
field

Ti in
quartz
(ppm)

QTiP-39
SAT-15
QTiP-43
QTiP-44A

5
10
10
10

900
900
925
925

beta
beta
beta
beta

813
330
392
411

5
11
<1
5

QTiP-47
SAT-55
QTiP-H10

10
15
25

925
900
900

beta
alpha
alpha

355
137
45

2
1
<1

Run #

SE
(ppm)

Zr in
rutile
(ppm)
5183
3889
4337
4937
4241
3168
1630

1- Kohn (2020) combined
2- Kohn (2020) experimental
3- Tomkins et al. (2007)
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SE
number of
(ppm) measurements
84
33
39
45
37
69
65
29
22
135
26
68
19
14

T
(°C)
948
933
947
973
948
941
883

P
(kbar)
6.2
10.8
10.3
11.2
10.9
16.8
23.4

2
T
(°C)
925
916
929
956
930
930
883

P
(kbar)
5.4
10.1
9.7
10.6
10.3
16.1
23.4

3
T
(°C)
917
908
919
941
920
915
883

P
(kbar)
5.1
9.9
9.3
10.1
9.9
15.2
23.4

Table 3. Least-squares fit parameters obtained by fitting equations (4), (5), & (8) to Ti-in-quartz solubilities for the quartz polymorphs in Table 1.
Fits to various datasets permit comparisons.
quartz dataset1

beta only

beta only

alpha only

alpha only

alpha only

pressures included
equation
fit parameters label
linear/exponential/volume expansion P term

2-15 kbar
(4)
[A]
linear

2-15 kbar
(5)
B
exponential

2-30 kbar
(4)
C
linear

2-30 kbar
(5)
[D]
exponential

2-30 kbar
(5)
E
exponential

0.955
– 59.587 ± 0.567
0
– 1.689 ± 0.062
–

0.955
– 59.642 ± 1.478
0
– 1.662 ± 0.673
1.006 ± 0.138

0.813
– 65.976 ± 0.962
0
– 1.210 ± 0.058
–

0.944
– 18.259 ± 12.426
0
– 32.173 ± 10.625
0.272 ± 0.053

0.944
– 18.259 ± 1.677
0
– 32.173 ± 0.809
0.272

combined
2-30 kbar
(4)
F
linear

combined
2-30 kbar
(4)
G
linear

combined
2-30 kbar
(5)
H
exponential

combined
2-30 kbar
(5)
I
exponential

combined
2-30 kbar
(5)
J
exponential

0.938
– 65.042 ± 2.796

0.938
– 63.858 ± 0.646

0.972
– 43.603 ± 3.771

0.972
– 43.603 ± 0.836

0.00116 ± 0.00268
– 1.323 ± 0.046
–

0
– 1.318 ± 0.044
–

0.972
– 44.442 ± 4.382
0.000744 ±
0.00179
– 11.885 ± 2.638
0.459 ± 0.048

0
– 11.928 ± 2.640
0.457 ± 0.048

0
– 11.928 ± 0.258
0.457

r2 value
a
b
c
d
quartz dataset1
pressures included
equation
fit parameters label
linear/exponential/volume expansion P term
r2 value
a
b
c
d
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quartz dataset1

combined

combined

combined

combined

combined

pressures included
equation
fit parameters label
linear/exponential/volume expansion P term

2-15 kbar
(4)
K
linear

2-15 kbar
(5)
L
exponential

0.984
– 57.581 ± 0.491
0
– 1.945 ± 0.044
–

0.984
– 57.566 ± 1.224
0
– 1.951 ± 0.456
0.999

2-15 kbar
(8)
M
volume expansion
0.983
– 57.523 ± 0.853
0
– 1.959 ± 0.178
0.000767 ± .0091

2-30 kbar
(8)
N
volume expansion
0.982
– 54.957 ± 1.682
– 0.000323 ± .00146
– 2.624 ± .0945
0.0404 ± .0028

2-30 kbar
(8)
[O]
volume expansion
0.982
– 55.295 ± 0.692
0
– 2.624 ± .0940
0.0403 ± .0028

r2 value
a
b
c
d

Notes: preferred fit parameters are [A] for equation (), [D] for equation (5), and [O] for equation (8)
1
combined dataset includes all data listed in Table 1 at specified pressures; α- and β-quartz includes data from respective polymorphs
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Table 4. Quartz with approximately 100 ppm data used in Figures 9 and 12

Source

Experiment

P (kbar)

T(°C)

stability field

Ti (ppm)

This study
–
–
–

QTiP-H3
QTiP-H15
QTiP-14
QTiP-6

30
25
20
15

1050
1000
940
900

alpha
alpha
alpha
alpha

105
112
100
103

–
–
–
–
Ostapenko et al. (2007)
Zhang et al. (2020)
–
–
–
Huang & Audétat (2012)

QTiP-H22
SAT25
6
QTiP-H64
Ost5
4–12a
4–12b
4–11a
4–11b
HR05

12
12
10
8
2
4
4
3
3
1

850
800
750
725
550
700
700
700
700
700

alpha
alpha
alpha
alpha
alpha
beta
beta
beta
beta
beta

95
90
103
115
151
105
97
116
113
118
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Table 5. Experimental and thermodynamic predictions of sub-unity titania activities
predicted 𝑎 𝑇𝑖𝑂2
T (°C)

P (kbar)

Time (h)

stability
field

800
800

10
8

72
72

alpha
beta

Ti (ppm)
15.83
20.35

number of
SE (Ti ppm) measurements
0.28
0.33

108
110

1- Osborne et al. (2021) (4) [A]
2- Osborne et al. (2021) (5) [D]
3- Osborne et al. (2021) (8) [O]
4- Berman (1988)
5- Berman (1988) w/Cp integrated
6- Holland & Powell (2011)
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1

2

3

4

5

6

0.105
0.092

0.130
0.113

0.115
0.094

0.095
0.101

0.122
0.130

0.149
0.160

Fig. 1 Piston cylinder assembly used in experiments that crystallized quartz, rutile, and zircon.
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Fig. 2 Experimental P–T conditions shown on SiO2 phase diagrams with Ti concentrations of α-quartz (black triangles) and β-quartz
(blue circles); also shown are the coesite experimental P–T conditions (orange squares) from Osborne et al. (2019). The solid red line
defines the α–β quartz transition (Angel et al. 2017); the dashed orange line denotes the approximate quartz-coesite phase boundary
position (Osborne et al. 2019). (a) Includes contoured Ti-in-quartz isopleths (black lines) from equations (4) [A] and (5) [D] whereas
(b) includes contoured Ti-in-quartz isopleths (black lines) from equation (8) [O].
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Fig. 3 Raman spectra of synthesized minerals compared with reference spectra from the RRUFF
database of Raman spectra (Lafuente et al. 2015).
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Fig. 4 (a)
Stereomicroscope
photograph of a
pressure-sealing
silver capsule (b)
Transmitted light
photomicrograph
of experimental
run products
containing
euhedral quartz
with trigonal
symmetry
crystallized at 25
kbar and 850°C.
(c) Backscattered
electron image of a
quartz crystal with rutile and zircon inclusions demonstrating co-crystallization of an equilibrium
mineral assemblage in the SiO -TiO -ZrSiO subsystem. As shown in the inset, many rutile
2

2

4

inclusions contain zircon inclusions. (d) Transmitted light photomicrograph of a single quartz
crystal and titanium concentrations measured by electron microprobe. (e) Transmitted light
photomicrograph of rutile with a fluid inclusion; F=aqueous fluid and V=vapor bubble. (f)
Backscattered electron image of a rutile crystal showing Zr concentrations.
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Fig. 5 (a) RT lnX vs T plot of the combined quartz dataset with different symbols for α-quartz (solid squares) and β-quartz (empty
squares) (b) Arrhenius plot of all Ti-in-quartz data in the combined dataset used for calibrating the Ti-in-quartz solubility models with
associated linear fits to each experiment isobar. Errors reported in Table 1 are smaller than symbols
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Fig. 6 (a) Pressure vs Ti-in-quartz concentration plot. Solid symbols
denote data points at 100-degree intervals (600, 700, 800, 900, or
1000°C); open symbols are for other temperatures. Titanium
concentrations of β-quartz (circles) are linear (solid isotherms, eq.
(4)[A]), and Ti concentrations of α-quartz (triangles) show curvature
with increasing pressure (dashed isotherms, eq. (5)[D]).
Incorporation of Ti in quartz could be related to the pressure–volume
relations for α- and β-quartz shown in (b). Note that quartz molar
volumes (V) in (b) are scaled to the molar volume at STP (Vo).
Volumetric calculations performed using equation of state for quartz
from Angel et al. (2017) and the free program EoSFit7c (Angel et al.
2014). (c) Pressure vs Ti-in-quartz concentration plot for combined
quartz data. Solid symbols denote data points at 100-degree intervals
(600, 700, 800, 900, or 1000°C); open symbols are for other
temperatures. Solid lines are model isotherms using eq. (8)[O].
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Fig. 7 lnX vs T plots of Ti-in-quartz data with isobars
corresponding to TitaniQ solubility models (a) α-quartz data
with isobars calculated using equation (4) and fit parameters
[A] (b) β-quartz data with isobars calculated using equation
(5) and fit parameters [D] (c) all quartz data with isobars
calculated using equation (8) and fit parameters [O]. Isobars
highlight the differences in how each TitaniQ solubility
model equation fits the Ti-in-quartz data; the largest
differences in fit occur at the highest and lowest pressures.
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Fig. 8 RT lnX vs T plots of Ti-in-quartz data with isobars
corresponding to TitaniQ solubility models (a) isobars
calculated using equation (4) and fit parameters [A] (b)
isobars calculated using equation (5) and fit parameters
[D] (c) all quartz data with isobars calculated using
equation (8) and fit parameters [O]. Isobars highlight the
differences in how each TitaniQ solubility model
equation fits the Ti-in-quartz data; the largest differences
in fit occur at the highest and lowest pressures.
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Fig. 9 Pressure−Temperature plot showing experimental quartz with approximately 100 ppm Ti
(Table 4) and the 100 ppm isopleths calculated from equations (10), (12), and (14), and the
respective fit parameters [A], [D], and [O] listed in Table 3. Several quartz–coesite boundaries
from the literature are provided to denote the quartz–coesite boundary region (Boyd and England
1960; Kitahara and Kennedy 1964; Mirwald and Massonne 1980; Bohlen and Boettcher 1982;
Bose and Ganguly 1995; Osborne et al. 2019).
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Fig. 10 (a) Ti-in-quartz and Zr-in-rutile isopleths for
experiments at 900°C calculated using the
concentrations of Ti in quartz (Table 1) and Zr in
rutile (Table 2) measured in crystals from
experiments, the Ti-in-quartz calibrations in
equations (4) and (5), and the Zr-in-rutile calibrations
of Tomkins et al. (2007) and Kohn (2020). Actual
experimental P-T conditions are denoted by the
squares color filled to match respective isopleths.
Pressures (b) and temperatures (c) calculated from the
crossing points of the Ti-in-quartz and Zr-in-rutile
isopleths for data given in Tables 1 and 2. See text for
details.
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Fig. 11 Arrhenius plot comparing concentrations of Ti in quartz from experimental studies used
to calibrate Ti-in-quartz solubility models with isobaric fits for the 8, 10, 12, and 15 kbar
experimental data from the RPI (squares) and SU (circles) experimental labs (Wark and Watson
2006; Thomas et al. 2010, 2015). Using five different TiO sources in starting materials and co2

crystallizing quartz, rutile, and zircon from hydrothermal fluids and silicate melts produces
quartz with similar titanium concentrations. Other experimental studies (triangles) observed
comparatively lower concentrations of Ti in quartz and do not agree with TitaniQ data (differ by
~4 to 6 kbar of pressure).
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Fig. 12 Pressure−Temperature plot showing experimental quartz with approximately 100 ppm Ti
(Table 4) and the 100 ppm isopleths calculated from equations (4), (5), and (8), and their
respective fit parameters [A], [D], and [O] listed in Table 3. The α–β quartz boundary (Angel et
al. 2017) and quartz–coesite boundary region are provided. Quartz from Zhang et al. (2020) and
Huang and Audétat (2012) have lower concentrations of Ti in quartz, and their solubility models
significantly deviate from all other Ti-in-quartz data.
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Chapter 3
Experimental constraints on sub-unity titania activities with implications for Ti-in-quartz
solubility models
In preparation as: Osborne, Z.R., Thomas, J.B., Nachlas, W.O., Hoff, C.M., and Watson, E.B.
Experimental constraints on sub-unity titania activities with implications for Ti-in-quartz
solubility models
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Abstract
Experiments were conducted in which quartz was synthesized in the presence of titanite
at sub-unity system titania activity (𝑎 𝑇𝑖𝑂2 ) to provide additional validation of the new Ti-inquartz solubility models (Osborne et al. 2021). Ti-in-quartz concentrations and known
experiment P–T conditions were entered into the TitaniQ solubility models to estimate
𝑎 𝑇𝑖𝑂2 values for the system. The estimated 𝑎 𝑇𝑖𝑂2 values were in excellent agreement with those
calculated using the mineral reactions and thermodynamic parameters from internally consistent
datasets (Berman 1988; Holland and Powell 2011). This agreement also provides validation that
𝑎 𝑇𝑖𝑂2 values in the ~0.10 to 0.30 range reported for natural samples with titanite observed in the
mineral assemblage are possible and appropriate. Future experimental estimation of sub-unity
𝑎 𝑇𝑖𝑂2 in an ilmenite-only system could illustrate the appropriate 𝑎 𝑇𝑖𝑂2 value range for ilmenitecontaining natural rocks and provide further validation of the TitaniQ solubility models.
1 Introduction
Trace-element thermobarometry can be a useful tool for determining pressure (P) and
temperature (T) histories of igneous and metamorphic rocks. The thermodynamic foundation
behind trace-element thermobarometry requires constraining activities of all chemical
components involved in the reactions that describe the thermobarometers. The experiments that
produced the Ti-in-quartz thermobarometric solubility models (Thomas et al. 2010; Osborne et
al. 2021) used the co-crystallization of quartz with rutile to fix the titania activity (𝑎 𝑇𝑖𝑂2 ) of the
system at unity (𝑎 𝑇𝑖𝑂2 = 1); for this reason, applying the Ti-in-quartz thermobarometer to rutilefree rocks requires estimating system 𝑎 𝑇𝑖𝑂2 . Most quartz-bearing igneous rocks and many
metamorphic rocks do not contain rutile; however, many igneous and metamorphic rocks
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typically contain another mineral in which Ti is an essential structural constituent, such as
ilmenite (FeTiO3) or titanite (CaTiSiO5) (Ghiorso and Gualda 2012) that could be used to
estimate 𝑎 𝑇𝑖𝑂2 .
There have been several methods published for estimating activity of rocks from a rutileabsent system. Examples include the calculation of 𝑎 𝑇𝑖𝑂2 using the MELTS family of programs
(Ghiorso and Sack 1995; Gualda et al. 2012), a method for estimating activity in magmatic
liquids from the compositions of coexisting spinel and ilmenite (Ghiorso and Gualda 2012) ,
titania activities calculated using Ti solubility models for melts and quartz/melt partition
coefficients (Kularatne and Audétat 2014; Zhang et al. 2020; Ackerson and Mysen 2020),
evaluation of sub-unity TiO2 activity (and SiO2 activity) while producing a thermobarometer for
sphene (titanite) (Hayden et al. 2008), and activity calculations for metamorphic rocks based on
compositions of coexisting mineral equilibria (Ghent and Stout 1984). Ackerson and Mysen
(2020) showed that approaches using rutile-saturation in melts can significantly overestimate
𝑎 𝑇𝑖𝑂2 because Ti4+ in melts can exist in multiple coordination states (Farges et al. 1996a, b, 1997;
Farges 1997). The co-crystallizing mineral assemblage present in a rock will control the system
𝑎 𝑇𝑖𝑂2 which can range widely from zero in Ti-free rocks up to 𝑎 𝑇𝑖𝑂2 = 1 in rutile-bearing rocks.
There is also uncertainty in many estimates and ranges of 𝑎 𝑇𝑖𝑂2 values have been reported using
the different methods for the same natural sample (e.g., Table 2, Huang and Audétat 2012).
Several studies have experimentally explored TiO2 mineral saturation (e.g., Ryerson and
Watson 1987; Green and Adam 2002; Gaetani et al. 2008) but no previous studies explored how
other Ti-bearing minerals affect incorporation of Ti in co-crystallizing minerals (i.e., quartz). For
a given P and Ti concentration, a reduced 𝑎 𝑇𝑖𝑂2 value would result in a higher T estimate; for a
given T and Ti concentration, a reduced 𝑎 𝑇𝑖𝑂2 value would result in a lower P estimate.
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Furthermore, if P–T conditions and Ti concentration are known, an estimate of crystallization
𝑎 𝑇𝑖𝑂2 should be possible using Ti-in-quartz thermobarometric equations (Osborne et al. 2021).
We co-crystallized quartz and either titanite or ilmenite at 8, 10, and 12 kbar and 800, 850, and
900°C to control 𝑎 𝑇𝑖𝑂2 in the experiments. The system 𝑎 𝑇𝑖𝑂2 values were calculated using
experimental run conditions and mineral thermodynamic properties (Berman 1988; Holland and
Powell 2011). For comparison, we also used the Ti measured in co-crystallized quartz crystals
and a Ti-in-quartz solubility models (Osborne et al. 2021) to calculate 𝑎 𝑇𝑖𝑂2 values.
2 Methods
2.1 Experiments
Experiments were conducted using an end-loaded piston–cylinder apparatus designed
after (Boyd and England 1960). A three-quarter inch diameter piston–cylinder assembly with
crushable materials (Fig. 1; MgO–Pyrex–NaCl: Watson et al. 2002; Thomas et al. 2010, 2015)
was used to conduct experiments at all P–T conditions. A silver capsule with ~1.3 mm thick
walls (~75 mm3 in volume) contained the powdered starting materials of SiO2 (~15 mg, Alfa
Aesar amorphous), CaTiSiO5 (natural, Brazil [Etsy], ~3 mg), CaSiO3 (Alfa Aesar, ~5 mg), and
H2O (deionized) for the titanite-bearing experiments; powdered SiO2 (~15 mg, Alfa Aesar
amorphous), FeTiO3 (Alfa Aesar, ~5 mg), ZrO2 (Alfa Aesar, ~6 mg), and H2O (deionized) were
used for the ilmenite-bearing experiments. The natural titanite was crushed in a percussion
mortar and ground with ethyl alcohol using an agate mortar and pestle; this was followed by
drying in a furnace at 120°C overnight. The amounts of powdered starting materials were
relatively consistent for each experiment while the amount of water added to a capsule varied

103

depending on the intended P–T conditions of an experiment, with less added at higher pressures
and temperatures.
The silver capsules self-sealed at room temperature upon pressurization in the pistoncylinder apparatus. Hydraulic oil pressures were measured with Enerpac Bourdon-tube gauges
with 18 cm diameter dials (accuracy = ± 1% of full scale). Experiments were conducted at
temperatures between 800 and 900°C and temperature was controlled to ± 1 °C using type-D
thermocouples (W97Re3–W75Re25) and Eurotherm Nanodac PID controllers; the vendor (Concept
Alloys) states thermocouple accuracy as ± 0.5°C. Small pressure adjustments were typically
made during heating to the final run temperature, after which the gauge pressure remained
relatively consistent for the duration of the experiment. Increases in hydraulic oil pressure were
made as necessary to maintain the desired value– i.e., if gauge pressure dropped ~ 200 psi
beneath the target pressure (200 psi oil pressure equals ~0.2 kbar with a three-quarter inch
piston). Application of ‘friction corrections’ to the calculated experiment pressures were not
necessary because reported pressures from the piston-cylinder apparatus using RPI assemblies
are considered accurate to within approximately ± 120 bars (Spear et al. 2014; Thomas and Spear
2018). Experiments were terminated after ~3 days by shutting off power flow to the graphite
furnace; this quenched the experiment to below 100°C in under 30 seconds. Capsules were
opened using a lathe to machine through the capsule lid or by using two pairs of pliers to wrench
off the capsule lid. Experiment run products were washed out of capsules with ethyl alcohol.
After drying, quartz crystals were hand-picked (ideal crystals were large and lacked visible
inclusions) and mounted in epoxy. The epoxy mounts were first ground flat with silicon carbide
papers (1200 grit), then polished in a 1 μm alumina solution, and lastly surface-finished in 60 nm
colloidal silica suspensions in preparation for further chemical analysis.
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2.2 Raman Spectroscopy
Raman spectroscopy was used to characterize starting materials and identify minerals
crystallized in experiments (Fig. 2). Raman spectra were measured with a Renishaw inVia
Raman microprobe in the Department of Earth & Environmental Sciences at Syracuse
University. Incident 532 nm laser light was focused onto crystals using a 100X objective (NA =
0.9). Spectra were acquired for 20 to 30 seconds. Raman-shifted light was backscattered (180°
geometry) and statically dispersed with 1800 groove/mm gratings on to a charged-couple device.
The Renishaw spectrometer has ~0.5 cm−1 spectral resolution (dependent on wavelength of
shifted light) and precision of standard measurements is typically less than 0.1 cm−1.
Spectrometer calibration involved numerous Ne lines, and the accuracy and linearity of the
spectrometer were checked during each analytical session by measuring the Rayleigh scattered
laser light and the 520.5 cm−1 band of the silicon standard.
2.3 Electron probe microanalysis and cathodoluminescence imaging
The Cameca SXFive electron probe microanalyzer (EPMA) located in the Department of
Earth & Environmental Sciences at Syracuse University was used to measure trace element
concentrations of Ti in quartz. The EPMA was operated at 15 kV accelerating voltage for all
imaging and quantitative measurements. The beam currents were adjusted from 10–20 nA for
imaging to document potential variations in Ti distribution. The Bruker Quantax EDS attached to
the EPMA was used for qualitative mineral identification of inclusions in quartz before selecting
spots for quantitative measurements. The five wavelength dispersive spectrometers on the EPMA
were tuned by adjusting the beam current to attain about 12,000 counts per second for analyte Xrays on gas-flow proportional counters. Titanium Kα X-rays were diffracted with large PET
diffraction crystals (22 × 60 mm) and simultaneously counted on four spectrometers (200
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seconds on peak, 100 seconds on low and high backgrounds), which produced an average
detection limit of 5 to 8 ppm (by weight) for individual measurements. Silicon Kß X-rays were
counted to confirm that analyzed materials were silica. Calibration for Ti Kα X-rays and Si Kß
involved using rutile and quartz standards (Astimex MINM25-53 quartz and rutile,
http://astimex.com/com/catalog/min.html). Quantitative trace element measurements of Ti in
quartz were completed using a 200-nA beam current and a ‘focused’ beam (~1 μm diameter). To
avoid secondary fluorescence effects, Ti measurements were performed >50 μm from titanite
inclusions in quartz. Accuracy of EPMA measurements was evaluated by analyzing quartz
reference materials from Thomas et al. (2010) with known concentrations of ~20 to 380 ppm Ti.
3 Results
The objective of the rutile-free experiments was to control system 𝑎 𝑇𝑖𝑂2 at values less than
unity (𝑎 𝑇𝑖𝑂2 < 1) by co-crystallizing quartz along with minerals in which titanium is a
stoichiometric constituent. We explored a reaction that involved ilmenite and iron oxides, and a
reaction that contained titanite. Regardless of experimental run P−T conditions and imposed
oxygen fugacity (F-M-Q and Mo-MoO), the ilmenite-bearing experiments always produced
quartz and ilmenite crystals with rutile lamellae and sometimes small individual rutile crystals
(Fig. 3) which means that the 𝑎 𝑇𝑖𝑂2 of the system was unstable. The temporal relationship
between quartz crystallizing in an only ilmenite-present environment and quartz crystallizing in
an environment with ilmenite and rutile present is unknown; therefore, the points during the
experiments at which the system 𝑎 𝑇𝑖𝑂2 value was less than one or was equal to one cannot be
determined for any of these experiments. Experimental problems stabilizing ilmenite without
nucleating rutile prevented further exploration of reactions involving ilmenite.
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Experiments that grew quartz along with titanite and wollastonite according to the reaction
CaTiSiO5 (𝑡𝑖𝑡𝑎𝑛𝑖𝑡𝑒) = TiO2 (𝑟𝑢𝑡𝑖𝑙𝑒) + CaSiO3 (𝑤𝑜𝑙𝑙𝑎𝑠𝑡𝑜𝑛𝑖𝑡𝑒)

(1)

did not nucleate rutile, which permitted us to study how crystallization at sub-unity 𝑎 𝑇𝑖𝑂2 affects
Ti incorporation in quartz. Quartz synthesis experiments containing titanite and wollastonite
were conducted at pressures of 8, 10, and 12 kbar and temperatures from 800 to 900°C. Optical
and scanning electron microscopy and Raman spectroscopy confirmed that rutile did not form in
any of the experiments, and quartz, titanite, and wollastonite co-crystallized in all experiments
(Fig 2). Quartz crystals were colorless, subhedral to euhedral in shape, ranged in size from 10s of
µm up to ~2 mm, and commonly contained inclusions of titanite and wollastonite (Fig 3).
Wollastonite was white to colorless and formed as long acicular needles or shorter, wider blades
and were <100 µm in long dimension. Titanite was pale green to colorless, typically anhedral in
form and <200 µm in maximum dimension. Average Ti concentrations of quartz crystals ranged
from ~7 to 65 ppm Ti (Table 1). Cathodoluminescence images showing uniform brightness and
EPMA measurements with similar Ti concentrations along transects (Fig. 3) demonstrate that
quartz crystals have homogeneous Ti distributions within and among crystals regardless of
crystal size or shape. Higher pressure and lower temperature experiments produced quartz that
had Ti concentrations below EPMA detection limits.
4 Discussion
4.1 Thermodynamic calculation of titanite controlled sub-unity titania activity
Crystallization of Ti-bearing quartz and lack of rutile in titanite-present experiments
indicates that sub-unity 𝑎 𝑇𝑖𝑂2 in our experiments can be described by equation (1) in which the
equilibrium constant is
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𝑟𝑢𝑡𝑖𝑙𝑒 𝑤𝑜𝑙𝑙𝑎𝑠𝑡𝑜𝑛𝑖𝑡𝑒
𝑎TiO
∙𝑎CaSiO3
2

𝐾𝑒𝑞 =

(2)

𝑡𝑖𝑡𝑎𝑛𝑖𝑡𝑒
𝑎CaTiSiO

5

At equilibrium,
°
∆𝐺𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛
= −𝑅𝑇𝑙𝑛 (

𝑟𝑢𝑡𝑖𝑙𝑒 𝑤𝑜𝑙𝑙𝑎𝑠𝑡𝑜𝑛𝑖𝑡𝑒
𝑎TiO
∙𝑎CaSiO3
2
𝑡𝑖𝑡𝑎𝑛𝑖𝑡𝑒
𝑎CaTiSiO

)=0

5

°
where ∆𝐺𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛
is relative to a standard state at 1 bar and 25°C. Because wollastonite and

titanite crystallized in all experiments, and because they are close to pure substances,
wollastonite and titanite activities are at unity, which reduces equation (3) to
𝑟𝑢𝑡𝑖𝑙𝑒
𝑎TiO
2

°
−∆𝐺𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛

= −𝑒𝑥𝑝 (

𝑅𝑇

)

(3)

°
The ∆𝐺𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛
of equation (3) was computed by taking the difference between products and

reactants
°
∆𝐺𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛
= (𝐺TiO2 + 𝐺CaSiO3 ) − (𝐺CaTiSiO5 )

(4)

that were calculated using values from internally consistent thermodynamic datasets (Berman
1988; Holland and Powell 2011) and integrating heat capacity (Spear and Pyle 2010) and volume
terms (Berman 1988) from the standard state (i.e., 1 bar and 25°C) to T and P of experiments
(see supplementary materials).
4.2 Sub-unity titania activity validation of TitaniQ thermobarometry
Titanium concentrations of quartz crystals from experiments that used equation (3) to
control 𝑎 𝑇𝑖𝑂2 confirm accuracy of the Ti-in-quartz solubility models (Osborne et al. 2021); the
models are included in the Appendix and the corresponding fit parameters are included in Table
2. The 𝑎 𝑇𝑖𝑂2 values calculated using equation (3) can be compared with 𝑎 𝑇𝑖𝑂2 values estimated
using the Osborne et al. (2021) Ti-in-quartz solubility models (Fig. 4). Combining the Osborne et
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al. (2021) fit parameters associated with equations (4, 5, & 8) and the Ti-in-quartz concentrations
from experiments with known P–T conditions provides estimated titania activities (Table 3) that
are essentially identical to the range of 𝑎 𝑇𝑖𝑂2 values calculated using the mineral reaction
equilibria. The estimated 𝑎 𝑇𝑖𝑂2 values are between the minimum (Berman 1988) and maximum
(Holland and Powell 2011) calculated activities or fall just below the minimum calculated
activity values (Fig. 4). We note that the range of 𝑎 𝑇𝑖𝑂2 values predicted from mineral reaction
equilibria calculations would be represented if the range of Ti concentrations from EPMA
analyses were considered instead of using only the average Ti concentration. The agreement
between 𝑎 𝑇𝑖𝑂2 values from thermodynamic calculations and TitaniQ thermobarometric equations
provides further validation of the Osborne et al. (2021) solubility models. However, other
methods for calculation of titania activity (i.e., Hayden et al. 2008; Ghiroso and Gualda 2012;
Gualda 2012; Kularatne and Audétat 2014; Ackerson and Mysen 2020) are still necessary for
applications to natural samples.
4.3 Implications for quartz crystallization in natural rutile-free systems
This simple experimental system could share similarities with mineral assemblages found
in metamorphosed carbonates but would likely not be exactly replicated in nature; therefore,
direct application of an activity value estimated from our experiments to any system that simply
contains titanite would be inappropriate. However, the 𝑎 𝑇𝑖𝑂2 estimates predicted using the Ti-inquartz thermobarometric solubility models (Osborne et al. 2021) and calculations using
internally consistent thermodynamic databases (Berman et al. 1988; Holland and Powell 2011)
support reported 𝑎 𝑇𝑖𝑂2 values in the ~0.10 to 0.30 range from MELTS calculations (Huang &
Audétat 2012) for natural samples with titanite observed in the mineral assemblage are
appropriate and in relative agreement (i.e., Coso Volcanic Field, Manley and Bacon 2000;
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Stronghold Granite, Audetat et al. 2008). Low 𝑎 𝑇𝑖𝑂2 values similar to what we have estimated
and calculated could have a significant effect on P–T estimates for natural samples, especially
rocks from proposed low temperature granitic systems.
The prevailing paradigm for granitic mineral assemblages (Tuttle and Bowen 1958; Luth
et al. 1964; Piwinskii 1973) states that crystallization occurs at or above 650–700°C, thus
traditional models of magma formation require high-temperature magma bodies. New data
suggest that volcanic rocks exist at crustal depths primarily at low temperatures (Rubin et al.
2017; Andersen et al. 2017). Granites are essentially the intrusive counterpart to felsic volcanic
rocks, so lower granite crystallization temperatures would support interpretations of cold magma
storage. Ackerson et al. (2018) combined Ti-in-quartz thermobarometry, diffusion modelling,
and cathodoluminescence imaging to show that quartz in granitic rocks from the Tuolumne
Intrusive Suite crystallized at temperatures well below the traditionally accepted wet solidus of
granite. Ti concentrations of 20–40 ppm on the rims of quartz crystals indicated crystallization
temperatures of about 474–561 °C using the 2010 TitaniQ calibration (Thomas et al. 2010),
which is 120–230 °C below the generally accepted granodiorite wet solidus (Piwinskii 1973) of
about 690°C at 2 kbar of pressure. The output temperatures found using the TitaniQ equation (4)
with fit parameters [A], equation (5) with fit parameters [D], and equation (8) with fit parameters
[O] (Osborne et al. 2019) when combining the Tuolumne average rim concentrations of Ti-inquartz (20–40 ppm) with a pressure range of 1.6–2.4 kbar and values of 𝑎 𝑇𝑖𝑂2 = 0.5–0.6 are
displayed in Table 4. The temperatures estimated using TitaniQ (4)[A] are identical to the 2010
calibration with less than ± 5°C difference. Using TitaniQ (5)[D] would drop temperatures by
around 60 to 120 °C while using TitaniQ (8)[O] would drop temperatures by around 45 to 70 °C,
both of which would be even further below the accepted wet granite solidus than using the
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Thomas et al. (2010) calibration. However, recent observations from 𝑎 𝑇𝑖𝑂2 in rutileundersaturated melts provided evidence that rutile-saturation approaches for obtaining
𝑎 𝑇𝑖𝑂2 values might be prone to significant overestimation (Ackerson and Mysen 2020); however,
additional research using natural melt compositions is needed. If overestimation of 𝑎 𝑇𝑖𝑂2 does
occur, then titanite-bearing systems, such as the Tuolumne Intrusive Suite, could have a lower
𝑎 𝑇𝑖𝑂2 value than the previously estimated values between 0.5-0.6. A lower 𝑎 𝑇𝑖𝑂2 value (0.20 ±
0.10) would increase estimated Ti-in-quartz temperatures (Table 4). These higher temperature
estimates range from below to just above the currently accepted granodiorite wet solidus of about
690°C at 2 kbar of pressure using TitaniQ (4) [A] (525 to 734°C) and still below to near the
accepted solidus using TitaniQ (5) [D] (429 to 662°C) and TitaniQ (8) [O] (472 to 677°C). The
purpose of this exercise is not to offer new temperature estimate for the Ackerson et al. (2018)
Tuolumne quartz, but to instead demonstrate the importance of a well-constrained 𝑎 𝑇𝑖𝑂2 value
for determining P–T conditions for natural rutile-free rocks because temperature estimates can
widely vary from below to above the currently accepted solidus depending on 𝑎 𝑇𝑖𝑂2 value inputs.
5 Conclusion
We successfully crystallized quartz at sub-unity 𝑎 𝑇𝑖𝑂2 in the presence of titanite. The Ti
concentrations in quartz were then entered (with experiment P–T conditions) into the TitaniQ
solubility models (Osborne et al. 2021) to estimate 𝑎 𝑇𝑖𝑂2 values for the experimental system.
These 𝑎 𝑇𝑖𝑂2 values were in excellent agreement with those predicted using the mineral reactions
and thermodynamic parameters from internally consistent datasets (Berman 1988; Holland and
Powell 2011). Titania activity estimates predicted using the Ti-in-quartz thermobarometric
solubility models (Osborne et al. 2021) and calculations using thermodynamic databases
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(Berman et al. 1988; Holland and Powell 2011) provide validation that 𝑎 𝑇𝑖𝑂2 values in the ~0.10
to 0.30 range for natural samples with titanite observed in the mineral assemblage are possible
and appropriate. However, other methods for calculation of 𝑎 𝑇𝑖𝑂2 such as MELTS (Ghiorso and
Sack 1995; Gualda et al. 2012) are still necessary for applications to natural samples. Future
experimental estimation of sub-unity 𝑎 𝑇𝑖𝑂2 in an ilmenite-only system could provide additional
validation of the TitaniQ solubility models and further illuminate the appropriate 𝑎 𝑇𝑖𝑂2 value
range for ilmenite-containing natural rocks.
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Appendix
Ti-in-quartz solubility equations from Osborne et al. (2021); Table 2 contains the corresponding
fit parameter values for each equation.
𝛽−𝑞𝑢𝑎𝑟𝑡𝑧

𝑅𝑇 𝑙𝑛𝑋𝑇𝑖𝑂2

= −𝑎 + [𝑏 ∙ 𝑇(𝐾)] − [𝑐 ∙ 𝑃(𝑘𝑏𝑎𝑟)] + 𝑅𝑇 𝑙𝑛𝑎𝑟𝑢𝑡𝑖𝑙𝑒
𝑇𝑖𝑂2

(4)

𝛼−𝑞𝑢𝑎𝑟𝑡𝑧
𝑅𝑇 𝑙𝑛𝑋𝑇𝑖𝑂
= −𝑎 + [𝑏 ∙ 𝑇(𝐾)] − [𝑐 ∙ 𝑃(𝑘𝑏𝑎𝑟)𝑑 ] + 𝑅𝑇 𝑙𝑛𝑎𝑟𝑢𝑡𝑖𝑙𝑒
𝑇𝑖𝑂2
2

(5)

𝑞𝑢𝑎𝑟𝑡𝑧
𝑅𝑇 𝑙𝑛𝑋𝑇𝑖𝑂
= −𝑎 + [𝑏 ∙ 𝑇(𝐾)] − [𝑃(𝑘𝑏𝑎𝑟) ∙ (𝑐 + 𝑑𝑃(𝑘𝑏𝑎𝑟)] + 𝑅𝑇 𝑙𝑛𝑎𝑟𝑢𝑡𝑖𝑙𝑒
𝑇𝑖𝑂2
2

(8)
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Table 1.

Run#
Quac-39
Quac-42
Quac-45
Quac-37
Quac-51
Quac-47
Quac-48
Quac-46
Quac-44

Experimental run conditions, Ti-in-quartz concentrations, measurement statistics,
quartz stability field, Ti-bearing starting component, and TitaniQ Ti (ppm) estimates

T (°C)
800
850
900
800
850
900
800
850
900

P (kbar)
8
8
8
10
10
10
12
12
12

stability
Time (h)
field
Ti (ppm)
72
beta
20.35
72
beta
43.48
72
beta
64.36
72
alpha
15.83
72
beta
32.25
72
beta
39.78
72
alpha
7.00
72
alpha
12.21
72
beta
23.83

SE (Ti ppm)
0.33
0.27
0.32
0.28
0.35
0.34
0.18
0.18
0.33

Table 2. Fit parameters associated with Ti-in-quartz solubility equations
Osborne et al. (2021) equation
fit parameters label
a
b
c
d

(4)
[A]

(5)
[D]

(8)
[O]

– 59.587
0
– 1.689
–

– 18.259
0
– 32.173
0.272

– 55.295
0
– 2.624
0.0403
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number of
measurements
110
225
153
108
214
141
242
256
95

Table 3.

Comparison of estimated and calculated titania activities
estimated & calculated 𝑎 𝑇𝑖𝑂2

Run#
Quac-39

T (°C)
800

P (kbar)
8

stability
field
beta

Ti (ppm)
20.35

SE (Ti ppm)
0.33

expected range
of Ti (ppm)
18-35

Quac-42
Quac-45
Quac-37
Quac-51
Quac-47
Quac-48
Quac-46
Quac-44

850
900
800
850
900
800
850
900

8
8
10
10
10
12
12
12

beta
beta
alpha
beta
beta
alpha
alpha
beta

43.48
64.36
15.83
32.25
39.78
7.00
12.21
23.83

0.27
0.32
0.28
0.35
0.34
0.18
0.18
0.33

31-57
48-90
12-22
20-37
32-59
8-14
14-24
22-39

Estimated 𝑎 𝑇𝑖𝑂2
1- Osborne et al. (2021) (4) [A]
2- Osborne et al. (2021) (5) [D]
3- Osborne et al. (2021) (8) [O]
Calculated 𝑎 𝑇𝑖𝑂2
4- Berman (1988)
5- Berman (1988) w/Cp integrated
6- Holland & Powell (2011)
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1
2
3
4
5
6
0.092 0.113 0.094 0.101 0.130 0.160
0.137
0.145
0.105
0.146
0.127
0.068
0.079
0.108

0.166
0.174
0.130
0.180
0.155
0.081
0.094
0.127

0.138
0.146
0.115
0.159
0.137
0.077
0.089
0.120

0.114
0.127
0.095
0.107
0.120
0.089
0.100
0.112

0.147
0.164
0.122
0.138
0.155
0.114
0.130
0.146

0.182
0.205
0.149
0.170
0.192
0.139
0.160
0.181

Table 4.

Temperature estimates with different possible 𝑎 𝑇𝑖𝑂2 values for Tuolumne Intrusive Suite
Ti-in-quartz data (Ackerson et al. 2018)
Ackerson et al. (2018)

Ti (ppm) αTiO2
20
0.1
40
0.1
20
0.2
40
0.2
20
0.3
40
0.3
20
0.1
40
0.1
20
0.2
40
0.2
20
0.3
40
0.3
20
0.5
40
0.5
20
0.6
40
0.6
20
0.5
40
0.5
20
0.6
40
0.6

P (kbar)
1.6
1.6
1.6
1.6
1.6
1.6
2.4
2.4
2.4
2.4
2.4
2.4
1.6
1.6
1.6
1.6
2.4
2.4
2.4
2.4
min 0.1-0.3
max 0.1-0.3
min 0.5-0.6
max 0.5-0.6

2 vs 1
T (°C)1
632
712
563
632
528
590
651
734
582
651
545
609
487
543
474
528
504
561
490
545
528
734
474
561

T (°C)2
631
713
561
631
525
588
650
734
579
650
542
607
484
541
470
525
500
558
486
542
525
734
470
558

T (°C)3
522
595
461
522
429
485
584
662
518
584
484
544
393
443
381
429
445
499
432
484
429
662
381
499

1

Thomas et al. (2010)
Osborne et al. (2021) (4) [A]
3
Osborne et al. (2021) (5) [D]
4
Osborne et al. (2021) (8) [O]
2
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T (°C)4
569
644
505
569
472
530
599
677
533
599
499
559
434
486
421
472
459
514
446
499
472
677
421
514

3 vs 1

4 vs 1

Difference Difference Difference
-1
-109
-63
1
-117
-68
-2
-102
-59
-1
-109
-63
-3
-99
-56
-2
-105
-60
-1
-67
-52
1
-72
-57
-3
-64
-49
-1
-67
-52
-3
-62
-47
-2
-65
-50
-3
-3
-53
-2
-2
-57
-4
-4
-53
-3
-3
-56
-4
-4
-45
-3
-3
-47
-4
-4
-44
-3
-3
-46
-3
-117
-68
1
-62
-47
-4
-4
-57
-2
-2
-44

Fig. 1 Piston-cylinder assembly used in all experiments.
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Fig. 2 Raman spectra of experiment run products quartz, titanite, and wollastonite compared with
Raman spectra from the RRUFF database (Lafuente et al. 2015).
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Fig. 3 Back-Scattered Electron (BSE) and reflected light photomicrographs of experimental run
products mounted in epoxy (a) BSE image showing a rutile exsolution patch within and ilmenite
inclusion in quartz (b) BSE image of single ilmenite crystal with (dark) rutile exsolution lamellae
(c) BSE image of single quartz crystal with inclusions of ilmenite and wollastonite (d) Reflected
light image of a single quartz crystal overlain with titanium concentrations measured by EPMA.
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Fig. 4 Plots of 𝑎 𝑇𝑖𝑂2 values vs T (°C) for titanite-present experiments at
8, 10, and 12 kbar. Solid diamonds (light blue) denote 𝑎 𝑇𝑖𝑂2 values
estimated using Osborne et al. (2021) equation (4) with fit parameters
[A]. Solid circles (orange) denote 𝑎 𝑇𝑖𝑂2 values estimated using Osborne
et al. (2021) equation (5) with fit parameters [D]. Empty squares (red)
denote 𝑎 𝑇𝑖𝑂2 values estimated using Osborne et al. (2021) equation (8)
with fit parameters [O]. Horizontal lines (black) denote 𝑎 𝑇𝑖𝑂2 values
calculated using Berman (1988). Crosses (black) denote 𝑎 𝑇𝑖𝑂2 values
calculated using Holland and Powell (2011).
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Supplementary Information
These equations and integrations relate to the calculation of 𝑎 𝑇𝑖𝑂2 values from internally consistent thermodynamic datasets (Berman
1988; Holland and Powell 2011) and integrating heat capacity (Spear and Pyle 2010) and volume terms (Berman 1988) from the
standard state (i.e., 1 bar and 25°C) to T and P of experiments. Units were in terms of J/mol for enthalpy, J/mol·K for entropy, J/mol
for free energy, J/bar for volume, and J/mol·K for heat capacity for all calculations.
𝑇

∫ 𝐶𝑝 = (𝐶𝑝𝐴 · 𝑇) + (𝐶𝑝𝐵 · 2 · 𝑇)
298.15

𝐶𝑝 = 𝑎 +

𝑏
√𝑇

+

𝑐
𝑑
+ 3
2
𝑇
𝑇

∆𝐺 = ∆𝐻 + ∫ 𝐶𝑝 + 𝑇 · (∆𝑆 + ∫

𝐶𝑝
) + ∫ 𝑉𝑑𝑝
𝑇

1
𝐶𝑝
2
0.5 𝐶𝑝𝐷 · 3
∫
= 𝐶𝑝𝐴 · ln 𝑇 − 𝐶𝑝𝐵 · 0.5 − 𝐶𝑝𝐶 · 2 −
𝑇
𝑇
𝑇
𝑇3
𝑇

∆𝐻 =

298.15
𝑇

∆𝑆 =

∫ 𝐶𝑝 = 𝐶𝑝𝐴 · 𝑇 + 𝐶𝑝𝐵 · 2 · 𝑇 0.5 −
298.15

1

∫𝑃
1
𝑃

∫𝑃
1

𝐶𝑝𝐶 𝐶𝑝𝐷
−
𝑇
2 · 𝑇2

𝑇

1
∫ 𝑉𝑑𝑃 = 𝑉 0 · [(1 · 𝑃0 ) + (𝑉𝐴 · (𝑇 − 𝑇 0 ) · 𝑃0 ) + (𝑉𝐵 · (𝑇 − 𝑇 0 )2 · 𝑃0 ) + (𝑉𝐶 · 0.5 · (𝑃 − 1)2 )] + 𝑉𝐷 · · (𝑃0 − 1)3
3

298.15
𝑇

1
∫ 𝑉𝑑𝑃 = 𝑉 0 · [(1 · 𝑃) + (𝑉𝐴 · (𝑇 − 𝑇 0 ) · 𝑃) + (𝑉𝐵 · (𝑇 − 𝑇 0 )2 · 𝑃) + (𝑉𝐶 · 0.5 · (𝑃 − 1)2 )] + 𝑉𝐷 · · (𝑃 − 1)3
3

298.15

121

References
Ackerson MR, Mysen BO (2020) Experimental observations of TiO2 activity in rutileundersaturated melts. American Mineralogist 105:1547–1555.
https://doi.org/10.2138/am-2020-7391
Ackerson MR, Mysen BO, Tailby ND, Watson EB (2018) Low-temperature crystallization of
granites and the implications for crustal magmatism. Nature 559:94–97.
https://doi.org/10.1038/s41586-018-0264-2
Andersen NL, Jicha BR, Singer BS, Hildreth W (2017) Incremental heating of Bishop Tuff
sanidine reveals preeruptive radiogenic Ar and rapid remobilization from cold storage.
Proc Natl Acad Sci USA 114:12407–12412. https://doi.org/10.1073/pnas.1709581114
Audetat A, Pettke T, Heinrich CA, Bodnar RJ (2008) Special Paper: The Composition of
Magmatic-Hydrothermal Fluids in Barren and Mineralized Intrusions. Economic
Geology 103:877–908. https://doi.org/10.2113/gsecongeo.103.5.877
Berman RG (1988) Internally-Consistent Thermodynamic Data for Minerals in the System
Na2O-K2O-CaO-MgO-FeO-Fe2O3-Al2O3-SiO2-TiO2-H2O-CO2. Journal of Petrology
29:445–522. https://doi.org/10.1093/petrology/29.2.445
Boyd FR, England JL (1960) Apparatus for phase-equilibrium measurements at pressures up to
50 kilobars and temperatures up to 1750°C. Journal of Geophysical Research 65:741–
748. https://doi.org/10.1029/JZ065i002p00741
Farges F (1997) Coordination of Ti4+in silicate glasses: A high-resolution XANES spectroscopy
study at the Ti Kedge. American Mineralogist 82:36–43
Farges F, Brown GE, Navrotsky A, et al (1996a) Coordination chemistry of Ti(IV) in silicate
glasses and melts: II. Glasses at ambient temperature and pressure. Geochimica et
Cosmochimica Acta 60:3039–3053. https://doi.org/10.1016/0016-7037(96)00145-7
Farges F, Brown GE, Rehr JJ (1997) Ti K -edge XANES studies of Ti coordination and disorder
in oxide compounds: Comparison between theory and experiment. Physical Review B
56:1809–1819. https://doi.org/10.1103/PhysRevB.56.1809
Farges F, Brown GE, Rehr JJ (1996b) Coordination chemistry of Ti(IV) in silicate glasses and
melts: I. XAFS study of titanium coordination in oxide model compounds. Geochimica et
Cosmochimica Acta 60:3023–3038. https://doi.org/10.1016/0016-7037(96)00144-5
Gaetani GA, Asimow PD, Stolper EM (2008) A model for rutile saturation in silicate melts with
applications to eclogite partial melting in subduction zones and mantle plumes. Earth and
Planetary Science Letters 272:720–729. https://doi.org/10.1016/j.epsl.2008.06.002
Ghent ED, Stout MZ (1984) TiO2 activity in metamorphosed pelitic and basic rocks: principles
and applications to metamorphism in southeastern Canadian Cordillera. Contributions to
Mineralogy and Petrology 86:248–255. https://doi.org/10.1007/BF00373670
122

Ghiorso MS, Gualda GAR (2012) A method for estimating the activity of titania in magmatic
liquids from the compositions of coexisting rhombohedral and cubic iron–titanium
oxides. Contrib Mineral Petrol 165:73–81. https://doi.org/10.1007/s00410-012-0792-y
Ghiorso MS, Sack RO (1995) Chemical mass transfer in magmatic processes IV. A revised and
internally consistent thermodynamic model for the interpolation and extrapolation of
liquid-solid equilibria in magmatic systems at elevated temperatures and pressures. Contr
Mineral and Petrol 119:197–212. https://doi.org/10.1007/BF00307281
Green TH, Adam J (2002) Pressure effect on Ti- or P-rich accessory mineral saturation in
evolved granitic melts with differing K2O/Na2O ratios. Lithos 61:271–282.
https://doi.org/10.1016/S0024-4937(02)00083-X
Gualda GAR, Ghiorso MS, Lemons RV, Carley TL (2012) Rhyolite-MELTS: a Modified
Calibration of MELTS Optimized for Silica-rich, Fluid-bearing Magmatic Systems.
Journal of Petrology 53:875–890. https://doi.org/10.1093/petrology/egr080
Hayden LA, Watson EB, Wark DA (2008) A thermobarometer for sphene (titanite).
Contributions to Mineralogy and Petrology 155:529–540. https://doi.org/10.1007/s00410007-0256-y
Holland TJB, Powell R (2011) An improved and extended internally consistent thermodynamic
dataset for phases of petrological interest, involving a new equation of state for solids:
thermodynamic dataset for phases of petrological interest. Journal of Metamorphic
Geology 29:333–383. https://doi.org/10.1111/j.1525-1314.2010.00923.x
Huang R, Audétat A (2012) The titanium-in-quartz (TitaniQ) thermobarometer: A critical
examination and re-calibration. Geochimica et Cosmochimica Acta 84:75–89.
https://doi.org/10.1016/j.gca.2012.01.009
Kularatne K, Audétat A (2014) Rutile solubility in hydrous rhyolite melts at 750–900°C and
2kbar, with application to titanium-in-quartz (TitaniQ) thermobarometry. Geochimica et
Cosmochimica Acta 125:196–209. https://doi.org/10.1016/j.gca.2013.10.020
Lafuente B, Downs RT, Yang H, Stone N (2015) 1. The power of databases: The RRUFF
project. In: Armbruster T, Danisi RM (eds) Highlights in Mineralogical Crystallography.
DE GRUYTER, Berlin, München, Boston, pp 1–30
Luth WC, Jahns RH, Tuttle OF (1964) The granite system at pressures of 4 to 10 kilobars. J
Geophys Res 69:759–773. https://doi.org/10.1029/JZ069i004p00759
Manley CR, Bacon CR (2000) Rhyolite Thermobarometry and the Shallowing of the Magma
Reservoir, Coso Volcanic Field, California. Journal of Petrology 41:149–174.
https://doi.org/10.1093/petrology/41.1.149
Osborne ZR, Thomas JB, Nachlas WO, et al (2019) An experimentally calibrated
thermobarometric solubility model for titanium in coesite (TitaniC). Contrib Mineral
Petrol 174:34. https://doi.org/10.1007/s00410-019-1575-5
123

Piwinskii AJ (1973) Experimental studies of granitoids from the Central and Southern Coast
Ranges, California. TMPM Tschermaks Petr Mitt 20:107–130.
https://doi.org/10.1007/BF01081387
Rubin AE, Cooper KM, Till CB, et al (2017) Rapid cooling and cold storage in a silicic magma
reservoir recorded in individual crystals. Science 356:1154–1156.
https://doi.org/10.1126/science.aam8720
Ryerson FJ, Watson EB (1987) Rutile saturation in magmas: implications for TiNbTa depletion
in island-arc basalts. Earth and Planetary Science Letters 86:225–239.
https://doi.org/10.1016/0012-821X(87)90223-8
Spear FS, Pyle JM (2010) Theoretical modeling of monazite growth in a low-Ca metapelite.
Chemical Geology 273:111–119. https://doi.org/10.1016/j.chemgeo.2010.02.016
Spear FS, Thomas JB, Hallett BW (2014) Overstepping the garnet isograd: a comparison of
QuiG barometry and thermodynamic modeling. Contributions to Mineralogy and
Petrology 168:. https://doi.org/10.1007/s00410-014-1059-6
Thomas JB, Bruce Watson E, Spear FS, et al (2010) TitaniQ under pressure: the effect of
pressure and temperature on the solubility of Ti in quartz. Contributions to Mineralogy
and Petrology 160:743–759. https://doi.org/10.1007/s00410-010-0505-3
Thomas JB, Spear FS (2018) Experimental study of quartz inclusions in garnet at pressures up to
3.0 GPa: evaluating validity of the quartz-in-garnet inclusion elastic thermobarometer.
Contributions to Mineralogy and Petrology 173:. https://doi.org/10.1007/s00410-0181469-y
Thomas JB, Watson EB, Spear FS, Wark DA (2015) TitaniQ recrystallized: experimental
confirmation of the original Ti-in-quartz calibrations. Contributions to Mineralogy and
Petrology 169:. https://doi.org/10.1007/s00410-015-1120-0
Tuttle OF, Bowen NL (1958) Origin of Granite in the Light of Experimental Studies in the
System NaAlSi3O8–KAlSi3O8–SiO2–H2O. In: Geological Society of America
Memoirs. Geological Society of America, pp 1–146
Watson E, Wark D, Price J, Van Orman J (2002) Mapping the thermal structure of solid-media
pressure assemblies. Contributions to Mineralogy and Petrology 142:640–652.
https://doi.org/10.1007/s00410-001-0327-4
Zhang C, Li X, Almeev RR, et al (2020) Ti-in-quartz thermobarometry and TiO2 solubility in
rhyolitic melts: New experiments and parametrization. Earth and Planetary Science
Letters 538:116213. https://doi.org/10.1016/j.epsl.2020.116213

124

Vita

Zachary R Osborne

Education
PhD

Earth Sciences

Syracuse University

2016 – 2021

MS

Geological Sciences

Indiana University

2014 – 2016

BS

Geology, Chemistry minor

St. Norbert College
Magna Cum Laude

2010 – 2014

Diploma

Sturgeon Bay High School

Sturgeon Bay, WI

2006 – 2010

Academic Appointments
Syracuse University Graduate Research Assistant
Graduate Teaching Assistant
University Graduate Fellow
Indiana University

Graduate Associate Instructor

St. Norbert College

Undergraduate Teaching Assistant

Publications
Osborne ZR, Thomas JB, Nachlas WO, et al. (2019) An experimentally calibrated thermobarometric
solubility model for titanium in coesite (TitaniC). Contributions to Mineralogy and Petrology 174:34.
doi: 10.1007/s00410-019-1575-5

Presentations
Osborne ZR, Thomas JB, and Nachlas WO (2019) “TitaniQ Taken to New Depths”, Poster, GSA Fall
Meeting, Phoenix, AZ
Thomas JB, Nachlas WO, Osborne ZR, Hoff C, and Watson EB (2019) “Extended and improved Ti-inquartz solubility model”, Poster, AGU Fall Meeting, San Francisco, CA
Osborne ZR and Thomas JB (2017) “Titanium Solubility in Coesite”, Poster, GSA Fall Meeting,
Seattle, WA

Awards
Syracuse University Earth Sciences Chairs Award

2021

Syracuse University Research Excellence Doctoral Funding Fellowship

2020 – 2021

Syracuse University Earth Sciences Marjorie Hooker Geology Award

2020

Syracuse University Earth Sciences Student Publication Award

2019

Geochemical Society Fellowship – MSA Centennial

2019

St. Norbert College Outstanding Student Award

2014

St. Norbert College Dean’s List

2010 – 2014

St. Norbert College Trustee Distinguished Scholarship

2010 – 2014

125

Volunteer Service
Syracuse University Department of Earth Sciences
Special Awards Judge – MOST CNYSEF
Graduate Student – Faculty Liaison
Academic Program Senator

Indiana University Science Fest

2021
2019 – 2021
2018 – 2019

2014 & 2015

St. Norbert College Geology Department
Geology Club President

2013 – 2014

Professional Service
Manuscript Reviewer – American Mineralogist

2019

Professional Membership
Geological Society of America
Mineralogical Society of America
Central New York Association of Professional Geologists

2013 – present
2016 – present
2020 – present

Laboratory Skills
Piston-cylinder apparatus experiments, geologic sample preparation, mini-metal lathe machining,
operation of Cameca SX-5 electron microprobe (WDS, EDS, CL), operation of Raman microprobe
(Raman spectroscopy), X-ray absorption near edge structure (XANES) spectroscopy measurements

126

